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Abstract 
Background: At mammalian neuromuscular junctions (NMJs), prolonged inactivity leads to severe 
degeneration. By contrast, amphibian NMJs do not show such severe degeneration even though they 
can remain inactive for many years of drought imposed inactivity. Neurotransmitter release from 
nerve terminals was shown to be a key factor in maintenance of NMJ structure in both mammals and 
amphibians. Amphibian NMJs are composed of hundreds of neurotransmitter release sites which 
exhibit a high level of non-uniformity in the probability of neurotransmitter release which undergoes 
seasonal variation. Neurotransmitter release from these release sites is highly dependent on Ca2+ as 
well as on primed vesicle availability. Understanding how the probability of neurotransmitter release 
is regulated in the short and long term is of fundamental importance to neural function. In the present 
project, I have chosen to examine the functional and morphological changes of the amphibian NMJ 
which has been shown by previous studies to be regulated by seasonal factor(s). I first examined the 
extent of the variability in neurotransmitter release and sensitivity of NMJs to calcium and dynorphin-
A, during the dry and wet seasons. Short-term changes in the probability of neurotransmitter release 
can easily be achieved by modulation of voltage gated calcium channels (VGCCs) thus regulating 
Ca2+ entry. Opiates, which were previously discovered in the skin, brain and circulating system of 
amphibians have been shown to inhibit neurotransmitter release by a Ca2+ and K+ dependent 
mechanism. In this study, I examined the sensitivity of the NMJs to dynorphin-A during the wet and 
dry seasons. Furthermore, I then compared the pre- and postsynaptic morphology of toad Bufo 
marinus NMJs obtained from the wild during the wet (January to April) and dry (August to November) 
southern hemisphere seasons. 
Methods: Iliofibularis muscles were isolated from both wet and dry season animals obtained from 
the wild, 2-kilometre radius from the University of Queensland. Electrophysiological recordings: toad 
NMJs were visualised using DiOC2(5)-fluorescence and focal loose patch extracellular or 
intracellular recordings were used to record the end-plate currents (EPCs) from small groups of 
release sites or endplate potentials (EPPs). Miniature EPCs (MEPCs) and miniature EPPs (MEPPs) 
were also recorded. Quantal content (m̄), average probability of release (p) and the number of active 
release sites (n) involved in neurotransmitter release were determined for different extracellular 
calcium concentrations ([Ca2+]o). Also the quantal size and frequency of MEPPs/MEPCs was 
estimated. The effect of dynorphin-A on neurotransmitter release was also examined and compared 
between the wet and dry season NMJs. Morphological studies: iliofibularis muscles were isolated, 
and prepared for immuno-staining with anti-SV2, a monoclonal antibody that labels synaptic vesicle 
glycoprotein SV2 in the nerve terminal. The muscles were also stained for the location of post-
synaptic acetylcholine receptors (AChRs) using Alexa Fluro-555 conjugated α-bungarotoxin (α-
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BTX). Confocal microscopy and 3D reconstruction were then performed to examine and compare the 
pre- and post-synaptic morphology of NMJs from the dry (hibernating) and wet (active) seasons. 
Results: Following quantal neurotransmitter release analysis, my results indicated that the 
recruitment of release sites (changes in n) with increasing [Ca2+]o differs seasonally. There was a 
parallel right shift in the relationship between m̄ and [Ca2+]o during the dry season when compared to 
the wet season. This indicated that the 4th power dependence of neurotransmitter release to [Ca2+]o 
was unaltered, there was however a decrease in  sensitivity to [Ca2+]o during the dry season. Here, the 
Ca2+-sensitivity means the efficacy of calcium in inducing evoked quantal neurotransmitter release. 
As the extracellular calcium concentration versus evoked quantal neurotransmitter release 
relationship shifts to the right in the dry season, this would indicate a decrease in Ca2+-sensitivity 
since more extracellular calcium would be required to achieve equivalent quantal neurotransmitter 
release. Dynorphin-A exerted more pronounced inhibitory effect on m̄ during the dry (hibernating 
period) when compared to the wet season (active period). Dynorphin-A increased the frequency and 
decreased the amplitude of spontaneous neurotransmitter release only at relatively high concentration 
during the dry season. These results demonstrate seasonal modulation of neurotransmitter release 
from toad NMJs by a mechanism involving regulation of calcium influx via possibly dynorphin-A. 
In the morphological study, I compared the average number of nerve terminal branches, the 
percentage of nerve branches with discontinuous pre- and postsynaptic elements, and the Pearson 
value of co-localization of the pre- and postsynaptic elements in each NMJs from both the dry and 
wet season. The results indicated morphological differences such as increased irregularity in the SV2 
staining during the dry season and longitudinal misalignment of SV2 and AChRs during the dry 
season indicative of some moderate remodelling.  
Conclusions: This thesis mainly identified that the decreased quantal neurotransmitter release from 
the dry season amphibian neuromuscular junctions was accompanied by a decrease in the sensitivity 
of voltage gated calcium channels (VGCCs) and some moderate remodelling in both the pre- and 
postsynaptic elements. Although evoked neurotransmitter release was greatly reduced during the dry 
season, miniature release was maintained, possibly, to prevent inhibition induced remodelling of the 
NMJs. Dynorphin-A may play a vital role in the conservation of amphibian NMJs during the dry 
season, since it has been shown to greatly inhibit evoked neurotransmitter release but not miniature 
neurotransmitter release. Overall, my study has demonstrated how the environment can influence the 
function and structure of the nervous system.  
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Figure 17. Quantification of the Pearson value of co-localization (A), number of nerve branches 
per NMJs (B), and percentage of discontinuously distributed SVs along the nerve terminals (C) in 
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dry and wet season median PTB-NMJs. (n = 47 for dry season NMJs and n = 42 for wet season 
NMJs in A B and C). .......................................................................................................................... 62 
Figure 18. Examples of long PTB-NMJs in the dry (upper panel, A B C) and the wet season (lower 
panel, D E F) amphibian iliofibularis muscle. Dry season nerve terminal labelled with anti-SV2 
monoclonal antibody (A). Dry season postsynaptic AChRs labelled with Alexa Fluro-555 conjugated 
α-BTX (B). (C) Merged images from (A) and (B). Wet season nerve terminal labelled with anti-SV2 
monoclonal antibody (D). Wet season postsynaptic AChRs labelled with Alexa Fluro-555 conjugated 
α-BTX (E). (F) Merged images from (D) and (E). Arrows in (C) and (F) show the first point of axon 
contact with the muscle fibre. Lightning in (C) and (F) indicate the discontinuous distribution of the 
pre- and postsynaptic elements along the nerve terminal. Bar = 20 μm in (C) and is the same for A 
and B; bar = 20 μm in (F) and is the same for D and E. ................................................................... 63 
Figure 19. Quantification of the Pearson value of co-localization (A), number of nerve branches 
per NMJs (B), and percentage of discontinuous distributed SVs along the nerve terminals (C) in 
dry and wet season long PTB-NMJs. (n = 9 for dry season NMJs and n = 7 for wet season NMJs in 
A B and C). ......................................................................................................................................... 64 
Figure 20. Examples of the extracellular quantal content profile along two primary terminal 
branches in control iliofibularis from wet season (a, b) and dry season (c, d). a shows a drawing of 
the DiOC2-fuorescent terminal, the point of first nerve contact with the muscle (n) and the positions 
of the extracellular electrode (arrows) in wet season. The most active release sites within ~20 μm 
segments of terminal are displayed (open circles in c) along with those found by randomly positioning 
the electrode between the most active sites (filled circles in c). In c the extracellular quantal content 
is plotted against distance from (n). Within a background of low quantal content release sites there 
are relatively active release sites. b shows a drawing of the DiOC2-fluorescent terminal and the point 
of first nerve contact with the muscle (n) and the positions of the extracellular electrode (arrows) in 
dry season. The most active release sites within ~20 μm segments of terminal are displayed (open 
circles in d) along with those found by randomly positioning the electrode between the most active 
sites (filled circles in d). In d the extracellular quantal content is plotted against distance from (n). 
Only low levels of neurotransmitter release were observed along the length of primary terminal 
branches. Modified from figure 3 and 4 from (Lavidis et al 2008). .................................................. 68 
Figure 21. Endogenous effect of opioid in the regulation of neurotransmission at the amphibian 
NMJs. The release of dynorphin-A is triggered by drought which is an environmental stressor for the 
amphibians. This leads the inhibition of VGCCs with subsequent downregulation of VGCCs. This is 
evident by the prolong decrease in m̄ (quantal content) throughout the drought induced inactivity. 
This strategy is possibly neuromuscular protective by virtual of conservation of resources and the 
allowance of subthreshold stimulation by MEPPs. ........................................................................... 72 
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Chapter 1: Introduction and literature review 
1.1 An overview of dormancy, a surviving strategy for animals 
It is known that the amphibians naturally enter extended periods of dormancy to survive extreme 
environmental conditions; these periods usually involve prolonged inactivity and fasting. Remarkably, 
these animals (for example, frogs and toads) suffer little to no muscle disuse atrophy; on the contrary, 
their locomotor systems remain fully competent. These physiological adaptations to dormancy may 
provide insight into why inactivity-induced muscle disuse atrophy occurs rapidly in non-hibernating 
species, and might suggest novel potential treatments for prolonged inactivity in humans.      
1.2 Physiological changes in hibernating amphibians 
During dormancy, amphibians burrow underground and reduce their metabolic rate below the normal 
resting value (Guppy & Withers 1999, Storey & Storey 1987), this is known as metabolic depression, 
to survive off limited endogenous fuel supplies for extended periods of time (Storey, 2001). 
Depending on the species and life stage, the whole animal metabolic rate during dormancy could be 
depressed anywhere from 38% to 95% (Storey 2001). Based on all available energy stores, this 
extreme metabolic depression in the amphibians can prolong survival times without food and water 
intake for months and sometimes even for years (Kayes et al 2009, Seymour 1973, Vanbeurden 1980).  
Apparently, in order to conserve the endogenous fuel store, energy-consuming processes that are not 
essential to the maintenance of life during dormancy would be down-regulated. While significant 
energy savings can be achieved simply by avoiding to move, the depression of respiratory and cardiac 
rates and ceasing digestion in the dormant animals, further organ-specific modifications may also 
occur which contribute to controlling energy expenditure at the tissue level by suppressing many of 
those processes which consume energy (Storey & Storey 2004). Different organs may utilize different 
strategies to decrease the energy consumption (Feidantsis et al 2012). The transition of metabolic rate 
from an active state to a dormant state or hypo-metabolic state was mostly achieved by a rebalancing 
of the rates of energy production and consumption in the tissues. Generally, a reduction in whole 
animal metabolic rate during dormancy is likely to be reflected by the change of cellular metabolic 
rate and the alternation of tissue mass or both.  
Part of the difficulty in understanding metabolic depression is that it involves a complex interaction 
between systems covering many levels of biological organization (Emel'ianova et al 2007, 
Michaelidis et al 2008, Milsom & Jackson 2011, Muir et al 2010, Naya et al 2009). The effect of 
dormancy on metabolic depression varied among the different tissues (Cramp et al 2009, Flanigan & 
Guppy 1997, Flanigan et al 1993, Flanigan et al 1991, Fuery et al 1998, Kayes et al 2009, Muir et al 
2008). Generally, the liver in dormant animals exhibits the most significant decreases in the in vitro 
mass-specific metabolic rates (Bishop & Brand 2000, Guppy et al 2000, Kayes et al 2009). By 
comparison, the degree of metabolic depression varies among different skeletal muscles of dormant 
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animals accordingly. Kayes et al. (2009) showed a 26% reduction in gastrocnemius muscle slices of 
the seven months dormant Cyclorana alboguttata. The metabolic rate depression in iliofibularis and 
tibialis anticus muscles slightly higher than gastrocnemius muscle and the value varies with different 
subspecies (Flanigan & Guppy 1997, Flanigan et al 1991). On the contrary, the kidneys experienced 
a significant increase in mass-specific metabolic rate of its control value after ten weeks of dormancy 
(Kayes et al 2009). Unexpectedly, the metabolic rate of isolated small intestine pieces was not 
significantly different between dormant and control groups (Cramp et al 2005). 
In addition to a reduced metabolism, dormant animals also have the ability to selectively down-
regulate specific tissue size during the dormant season. For example, Cramp et al. (2005) reported 
that the liver trophies by 63% in its mass in dormant amphibians when compared to control animals. 
Meanwhile, kidney experienced a total mass reduction by almost 44%. And the small intestine was 
found undergo a decreasing by almost 80% of its size after entering into dormancy for several months 
(Cramp et al 2005). The most intriguing point is that there is a consistent finding among different 
studies which shows no significant difference was identified in total skeletal muscle mass between 
control and dormant amphibian groups (Hudson & Franklin 2002a, Hudson et al 2006, Kayes et al 
2009, Symonds et al 2007). 
1.3 The regulation of tissue metabolism in dormant and active amphibians 
To some extent, the dormancy can be viewed as an active response to the environmental stressor, the 
drought, an unfavourable living condition. The endogenous opioid peptide systems (EOS) was 
implicated in the mediation, modulation, and regulation of stress responses that were supported by a 
number of independent studies, for detailed review, please see (Drolet et al 2001, Sonneborn et al 
2004). There are six classes of opioid ligands have been characterized so far: enkephalins, dynorphins, 
endorphins, deltorphins, dermorphins, and nociceptin/orphanin (Amiche et al 1989, Bradbury et al 
1976, Goldstein et al 1979, Hughes et al 1975, Julius 1995, Mignogna et al 1992), and the first three 
ligands which bind to δ (Delta), κ (kapa), and μ (mu) opioid receptors are the most widely studied 
(Akil et al 1984, Chavkin et al 1982). Furthermore, the amphibians were found to be rich sources of 
opioid peptides (Cone & Goldstein 1982a, Facchinetti et al 1993, Kilpatrick et al 1983, Merchenthaler 
et al 1989, Torihashi & Kobayashi 1993). 
The role of opioids in promoting energy conservation has long been noticed (Mandenoff et al 1982, 
Margules 1979, Tabarin et al 2005). The important contribution of the EOS in regulating the 
physiological change in dormant animals can be noticed by the 1) region-specific (e.g., different brain 
regions) and 2) type-specific changes in opioid concentration and opioid receptor binding during 
hibernation compared with active counterparts (Bourhim et al 1993, Cui et al 1996a, Cui et al 1996b, 
Cui et al 1997). Results obtained by infusion of specific ligands of opioid subtype receptors into active 
and hibernating animals suggest that different subtype of opioids may play different roles in the 
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regulation of hibernation. For example, certain opiates have been implicated in the initiation of 
dormancy (Oeltgen et al 1987, Yu & Cai 1993), in contrast, it is even been suggested that some other 
subtypes may be important during arousal from hibernation (Oeltgen et al 1988, Oeltgen et al 1987, 
Yu & Cai 1993). Moreover, the role of the three most widely studied subtypes of EOS on tissue 
metabolism was revealed by measuring their effect on the metabolic rate of individual organs in in 
vitro experiments. Accordingly, this regulatory effect can be subtype-specific and seasonal-specific. 
As was shown in Kayes et al. 2013, the δ (Delta) opioid ligand DADLE produced a significant 
decrease in the liver and gastrocnemius muscle tissue metabolic rate of both active and dormant 
amphibians. However, the effect of μ (mu) receptor agonist morphiceptin in down-regulation of 
metabolic rate in these two organs experienced seasonal changes. Meanwhile, κ (kappa)-opioid 
agonist dynorphin A had no significant effect on the tissue metabolism in both wet and dry season. 
For the most part, the effect of opioid agonists on tissue metabolism was greater in tissues from 
dormant animals than from active animals (Kayes et al 2013). 
1.4 The amphibian skeletal muscle provides a perfect model to study disuse atrophy 
As mentioned above, the amphibian skeletal muscles suffer from little to no disuse atrophy after long-
term immobility during hibernation, which is very different from other organs like the liver, kidney 
and small intestine (Hudson & Franklin 2002b, Hudson et al 2006, Kayes et al 2009, Symonds et al 
2007). The muscle mass preservation during hibernation is supposed to be very helpful for the quick 
arousal of amphibians after the onset of summer rains. However, the underlying protective 
mechanism is still largely unknown. 
1.4.1 Neuronal innervation influences the physiology of skeletal muscles in various ways 
To begin with, the best known and most obvious influence of neuronal innervation is its control of 
the muscle mechanical activity. Besides motor control, however, neuromuscular activity and muscle 
mass also have a major impact on metabolic properties of the organisms as muscle contains molecular 
sensors that allow the adjustment between protein synthesis and protein breakdown (Glass 2005, 
Glass 2010, Ruegg & Glass 2011, Sandri 2008). Neuronal innervation also affects the following 
aspects of the muscles such as metabolic reactions, chemical composition, electrical excitability, and 
the chemical sensitivity, for in depth review; please see (Bockowski & Gorski 1996, Desmedt 1959, 
Elmqvist & Thesleff 1960, Gundersen 1998, Gutmann et al 1956, Sunderland & Ray 1950, Thesleff 
1960). For these reasons, examining the underlying mechanism regulating neurotransmission at the 
neuromuscular junctions (NMJs) during the active and dry season is of great importance to reveal the 
mechanisms in amphibian muscle protection. 
1.4.2 The basic features of neurotransmitter release at the amphibian NMJs 
Neurotransmitters are released in a calcium dependent ‘quanta’ manner at the NMJs, which was first 
revealed more than 60 years ago with electrophysiological recordings (Fatt & Katz 1951, Fatt & Katz 
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1952). Directly following the discovery of quantal nature of neurotransmitter release, a number of 
morphological studies revealed that each of the amphibian nerve terminal holds hundreds of 
specialized neurotransmitter release sites or active zones (AZs) (Bennett et al 1987, Birks et al 1960, 
McMahan & Purves 1972, Miller & Heuser 1984, Pawson et al 1998). Each of these AZs is featured 
by double rows of 20–40 long linear array of docked ready release synaptic vesicles in freeze-fracture 
replicas studies (Dreyer et al 1973, Harlow et al 2001, Heuser et al 1979), for in depth review, please 
see (Meriney & Dittrich 2013).  
1.4.3 The probability of quantal neurotransmitter release exhibits significant non-uniformity 
among different sites along the same motor nerve terminal   
Considering each motor nerve terminal has such a large number of active zones and each holds tens 
of docked ready release synaptic vesicles, how they are regulated to orchestrate the quantal 
neurotransmitter release in a finely tuned way is still poorly understood. It has long been noticed that 
both the evoked and the spontaneous neurotransmitter release pattern is quite different from sites to 
sites along the same nerve terminal (Castillo & Katz 1956). Thus, in spite of this vast pool of ready 
releasable synaptic vesicles the probability of quantal neurotransmitter release was found to be very 
low (Borst 2010, Branco & Staras 2009, Katz & Miledi 1979), and highly non-uniform between 
adjoining release sites (Bennet & Lavidis 1982, Bennett et al 1977, Bennett et al 1986b, D'Alonzo & 
Grinnell 1985, Zefirov 1983b). Generally, the release sites found closest to the point of first axon 
contact with the muscle fibre membrane have a higher average probability of quantal secretion than 
more distal release sites (Bennet & Lavidis 1982, Bennett et al 1986b, Zefirov 1983a) and the very 
low probability release sites exist amongst the relatively high probability sites (Bennett et al 1989). 
It is possible that the non-uniform arrangement of neurotransmitter release probabilities between 
adjoining release sites is a major contributor to the regulated recruitment of release sites which leads 
to appropriate levels of neurotransmission at both central and peripheral synapses. Thus, examining 
the recruitment of active zones for quantal secretion with the increase of buffering Ca2+ in different 
probability release sites may contribute to a further understanding of this topic. 
1.4.4 Seasonal changes in quantal neurotransmitter release and the muscle fibre electrical 
properties at the amphibian NMJs 
There have been several reports indicating that synaptic neurotransmission at the amphibian NMJs 
varies with seasonal changes (Braun et al 1966, Maeno 1969, Otsuka et al 1962, Pawson & Grinnell 
1989). The results in terms of the seasonal change of synaptic neurotransmission have not been 
particularly consistent. For example electrophysiological studies show that in the northern 
hemisphere species, evoked neurotransmitter release was highest in winter (Pawson & Grinnell 1989, 
Wernig et al 1996), however, in both toad and frog NMJs, evoked neurotransmitter release was low 
during winter, spring and start of summer in the southern hemisphere (Bennett & Lavidis 1991a, 
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Hudson et al 2005, Lavidis et al 2008). These differences may result from possibly variations in either 
dormancy duration (which has been typically unspecified) or ambient temperature differences 
(northern hemisphere hibernating amphibians are maintained close to 0oC whilst southern hemisphere 
amphibians are maintained between 10 – 20oC). Along with the seasonal changes in quantal 
neurotransmitter release from presynaptic motor nerve terminal, the electrical properties i.e. space 
and time constants (λ and τ), input resistance (Ro) of the postsynaptic muscular cells (both fast and 
slow skeletal muscle fibres) were also found experience climatic variations (Diaz & 
Pecotdechavassine 1988, Dulhunty & Gage 1973). For example, the muscular cell membrane 
resistance experienced a significant decrease from summer to winter which was accompanied by 
significant increases in cellular internal resistivity and membrane capacitance (Dulhunty & Gage 
1973). It is reasonable to infer that the maintenance of NMJs structure in hibernating amphibians 
relies on the coordinated seasonal alternations in both pre- and postsynaptic elements. The causality 
of these seasonal changes in the property of the pre- and postsynaptic elements at the NMJs is one of 
the topics I would like to do in the following studies. 
1.4.5 The regulation of neurotransmission by EOS  
The first report regarding a direct effect of opioids on peripheral nervous system dates back to as 
early as middle 19th century (Wood 1855). Initially, studies on how the opioids regulate peripheral 
motor nerve activity were carried out by measuring the changes in amplitude of nerve-stimulation 
induced muscle contraction after opioids poisoning. Based on the results that application of large 
dosages opioids at the neuromuscular preparation induced muscle paralysis, Albert first stated that 
opioids exert its effect via inhibiting the peripheral nerve excitability (Albert 1863). Later on, this 
experiment was conducted in the in vitro frog nerve-muscle preparations and similar results were 
observed (Chauchard & Chauchard 1921). Moreover, the extent of inhibitory effect of opioids on the 
excitability of isolated amphibian nerve-muscle preparation exhibited a dose dependent manner 
which was shown in the following studies (Kochmann & Hurtz 1923, Supniewski & Macht 1926). 
Further evidence on the regulation of neuromuscular synaptic transmission by opioids emerged in the 
following in-depth studies (Bixby & Spitzer 1983, Frederickson & Pinsky 1971, Pinsky & 
Frederickson 1971, Suzuki et al 1987), for review see (Duggan & North 1983).  
Considering there are a number of different subtypes of opioid receptors. The following studies 
further revealed that their potency in inhibiting quantal neurotransmitter release at the amphibian 
NMJs varies. For example, κ-opioid receptor ligand (dynorphin-A, ID50 = 24 μM) was found 21 times 
more potent than μ-opioid receptor agonist (morphine, ID50 = 510 μM) in decreasing the quantal 
release when compared with the control in the amphibian NMJs (Lavidis 1995a, Lavidis 1995b). 
Meanwhile, the underlying mechanisms in decreasing quantal neurotransmitter release can be 
different according to different opioid receptor subtypes. Results from previous studies indicate that 
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κ-opioid receptors couple to the voltage-gated calcium channels (VGCCs) (Mcfadzean 1988, Traynor 
1989, Wollemann et al 1993) and μ-opioid receptor couple to the potassium channels (Morita & North 
1982, North 1986, North et al 1987). Once activated, the decreased quantal release can be resulted 
from the reduction of Ca2+ influx into the terminal during nerve stimulation or the hyperpolarization 
of the terminal caused by the conduction failure of the action potentials at terminal branches 
respectively. On the other hand, endogenous opioid system (EOS) is widely distributed throughout 
the central and peripheral nervous systems in hibernating animals (Bungo et al 2005, Cone & 
Goldstein 1982b, Sonneborn et al 2004). Region-specific (e.g., different brain regions) and type-
specific changes in opioid concentration and opioid receptor binding during hibernation compared 
with active counterparts imply a possibly different role of the EOS in the regulation of synaptic 
neurotransmission in different seasons (Bourhim et al 1993, Cui et al 1996a, Cui et al 1996b, Cui et 
al 1997). 
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Chapter 2: Hypotheses and Aims 
2.1 Overall hypotheses in this thesis  
 Decreased quantal neurotransmitter release in dry season amphibian NMJs were caused by 
the disappearance of relatively high probability release sites along the nerve terminals.  
 The sensitivity of voltage-gated-calcium-channels (VGCCs) which are located at the active 
zones of presynaptic nerve terminals exhibit seasonal alternation in the amphibian NMJs.  
 The role of opioids in regulation of quantal neurotransmitter release varies with seasonal 
changes at the amphibian NMJs. 
 Seasonal changes in the efficacy of quantal neurotransmitter release alters the pattern of 
structural remodelling at the amphibian NMJs.  
2.2 Overall aims in this thesis 
 To investigate the recruitment of active zones for quantal secretion with the increase of [Ca2+]o 
at the amphibian NMJs in both the dry and wet season. 
 To examine the regulation of quantal neurotransmitter release by dynorphin-A at the 
amphibian NMJs in both the dry and wet season. 
 To evaluate how the decreased neurotransmitter release in dry season effect the synaptic 
structural remodelling at the amphibian NMJs.  
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Chapter 3: General Methods  
Mature cane toads (Bufo marinus) were obtained from the wild in South East Queensland, Australia, 
during the wet season (February-March) and dry season (October-November), and then maintained 
overnight in a large humidified tank with a 12 h light–dark cycle at between 22 and 25oC. Toads 
weighing between 30 and 40 g (50 to 60 mm in length) were used. Animals were sacrificed by double 
pithing according to procedures approved by the Animal Ethics Committee of The University of 
Queensland. 
3.1 Isolation of nerve-muscle tissues 
Both iliofibularis muscles and their nerve supply were dissected free from surrounding connective 
tissue and tendinous insertions, and pinned on the bed of cured Sylgard at the base of a 4 ml capacity 
bath. The muscle was stretched to approximately 110% of the resting length in the limb and perfused 
with modified Krebs solution of the following composition (mM): Na+, 117; K+, 3.0; Mg2+, 1.2; Cl-, 
103.1; H2PO4
-, 0.64; HPO4
2-, 9.70; Ca2+, 0.3 - 0.9; glucose, 7.8. At the start of the experiment the 
extracellular Ca2+ concentration ([Ca2+]o) was set at 0.3 mM for wet season preparations and 0.4-0.5 
mM for dry season preparations to overcome the lower levels of neurotransmitter release at the NMJs 
during the dry season. The nerve-muscle preparation contained in the chamber was transferred to the 
recording stage on an Olympus upright microscope and perfused with the same Krebs solution (flow 
rate, 2 – 3 ml/min). The solution was bubbled continuously with 95% O2 and 5% CO2 at room 
temperature (18 ± 2oC); this maintained the pH between 7.3 and 7.4. 
3.2 Visualization of the living nerve terminal for electrophysiological recording 
Previous studies indicate that toad iliofibularis muscle contains a small proportion of slow fibres (less 
than 10%) in the centre of the muscle which receive a distributed neural innervation (Lannergren & 
Smith 1966, Luff & Proske 1979, Smith & Lannergren 1968). These slow fibers were avoided in the 
present work by recording from superficial muscle fibres only. In order to examine the quantal release 
calcium dependence among different probability release sites in project 1, the preparation was left 
bathing in Krebs solution containing 0.3 mM [Ca2+]o for about 20 min. It was then bathed for 30 s in 
3-3-diethyloxardicarbocyanine iodide (0.1-1.0 μM; DiOC2(5) and then washed with Krebs solution 
for 3 min (Bennett et al 1986b). Terminals were chosen by viewing the DiOC2(5)-fluorescent image 
via an image intensifier camera (Panasonic) attached to an Olympus (BH2) microscope equipped with 
a rhodamine filter set and the image was then displayed on a video monitor. The outline of DiOC2(5) 
fluorescing terminals were traced onto the video monitor screen and the fluorescence was then turned 
off to avoid long periods of fluorescence and repeated applications of the DiOC2(5). The preparation 
was then illuminated using transmitted illumination and any visible structures such as muscular fibre 
edges, blood vessels, connective tissues etc. were traced on the video monitor. The position of the 
terminal with respect to such structures was checked by a short period of re-fluorescence before 
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hunting with an extracellular electrode for any signs of the nerve terminal impulse (NTI) and the end 
plate currents (EPCs) generated by released neurotransmitters activating postsynaptic receptors. 
3.3 Nerve stimulation to evoke neurotransmitter release  
The iliofibularis nerve was gently drawn into a pipette filled with Krebs solution under the dissection 
microscope. This pipette acted as a stimulating electrode utilizing two silver chloride wires, one 
within the pipette as a positive electrode and the other outside as the negative electrode. The tissue 
was stimulated by delivering supramaximal stimuli to the nerve with the suction-glass-capillary 
electrodes using current pulses of 0.1 ms (duration) and 1-10 V (amplitude) at a frequency of 0.2 Hz. 
The nerve-muscle preparations were stimulated for 30 - 40 minutes to equilibrate the NMJs and 
muscle to the calcium concentration bathing the tissue. 
3.4 Electrophysiological recordings 
Signals were recorded and amplified using an Axoclamp 2B amplifier (Molecular Devices, Sunnyvale, 
CA, USA) and digitised at 10 kHz sampling rate using MacLab system and Scope software (Version 
3.5.5, AD Instruments, CO, USA). Interface for digitalization was achieved by MacLab system and 
Scope software (Version 3.5.5, AD Instruments, CO, USA).  
3.5 Focal extracellular electrode recording of EPCs from small groups of release sites 
Extracellular recordings were performed using borosilicate glass microelectrodes (tip diameter 3 – 5 
μm) filled with modified Krebs solution. Microelectrode placement was guided by DiOC2 (5) 
visualization of the neuromuscular junction. The electrode was moved along the visualized primary 
terminal branches that were well separated from neighbouring terminal branches (see Figure 1) and 
carefully lowered onto the branch to form a focal loose patch recording. This method was used to 
search for a clear recording of the nerve terminal impulse (NTI), end-plate currents (EPCs), and 
miniature EPCs (MEPCs). MEPC frequency was monitored to ensure that the placement was not 
stimulating release via pressure effects (Fatt & Katz 1952). Once an appropriate recording site was 
identified, more than 120 samples of evoked release at a stimulation frequency of 0.2 Hz were 
recorded for each [Ca2+]o change. Extracellular recordings were abandoned if MEPCs changed in 
amplitude by more than 15%; presence of EPCs without detecting the nerve terminal impulse; and 
any shift greater than 15% in quantal release rates over the first 20 trials as compared with the last 20 
trials. These criteria were strictly adhered to during the different [Ca2+]o solution changes. 
3.6 Intracellular electrophysiological recordings 
Intracellular electrodes were used to record endplate potentials (EPPs) and miniature endplate 
potentials (MEPPs) from superficial iliofibularis muscle fibres. The glass microcapillary electrodes 
were filled with 2 M potassium chloride and had resistances of 50 - 80 MΩ. The criteria used for 
determining the quality of intracellular recordings after a steady state had been reached were the same 
as those used before (Bennett et al 1977, Bennett & Lavidis 1979). Once a stable site was obtained 
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the stimulus was halted for 30 minutes to allow synaptic vesicle replenishment. Control recordings 
were taken in modified Krebs solution described above in the absence of dynorphin-A (150 – 200 
stimulations). Briefly, the electrode was positioned within 0.5 mm of the motor endplate, this 
proximity to this region was confirmed by analysing the EPP, and MEPP rise times (recordings with 
rise time greater than 2 ms were rejected for data analysis). Muscle resting membrane potentials 
(RMP) varied between -60 mV and -80 mV initially after membrane penetration and underwent 
gradual decrease to a steady value between -50 mV and -65 mV in both wet and dry season 
preparations. The recordings were terminated if the RMP fluctuated by more than 10% from the 
steady value.  
3.7 Changes in Ca2+ concentrations 
The external calcium concentration [Ca2+]o was altered by changing the concentration of CaCl2 
present in the reservoir of Krebs solution supplying the organ bath. Changes in [Ca2+]o were made by 
first incubating the muscle for 30 – 40 min in the lowest [Ca2+]o to be used and then progressively 
increasing the CaCl2 to obtain the higher [Ca
2+]o, so as to keep the time taken to reach a new steady 
state in the average quantal content of the EPCs to a minimum (at least 30 min). Possible changes in 
the conduction of the nerve impulse due to the divalent cation concentration falling below 0.7 mM 
(Frankenhaeuser & Hodgkin 1957) were avoided by maintaining the external magnesium 
concentration ([Mg2+]o) constant at 1.2 mM. 
3.8 Changes in dynorphine-A concentrations  
Once a good recording site was obtained, the stimulus was halted for 30 minutes before the start of 
the recording for data analysis. Control recordings were taken in modified Krebs solution described 
above in the absence of dynorphin-A (150–200 stimulations). Dynorphin-A diluted in Krebs solution 
was applied directly to the tissue and left to incubate for a twenty-minute period, after which the 
stimulus (150 – 200 stimulations) commenced and intracellular recordings were taken. Changes in 
dynorphin-A were made by first incubating the muscle for 20 min in the lowest concentration to be 
used and then progressively increasing the dynorphin-A to obtain the higher level, so as to keep the 
time taken to reach a new steady state in the average quantal content of the EPPs to a minimum.  
3.9 Morphological examination of neuromuscular junctions from toads collected during the 
wet and dry seasons 
The structure of neuromuscular junctions was examined after immunofluorescence double labelling 
of the presynaptic nerve terminal component (synaptic vesicle glycoprotein 2A, SV2) and the 
corresponding postsynaptic acetylcholine receptors (AChRs). SV2 was immunolocalized with 
antibody with respect to postsynaptic AChRs labelled with Alexa Fluor-555-conjugated α-
bungarotoxin (α-BTX), at the NMJ.  
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Toads were placed in prone position and iliofibularis muscle in the left-hand side was dissected from 
3 toads during wet and dry season respectively and prefixed with 4% paraformaldehyde in 0.1 M 
phosphate-buffered saline (PBS), pH 7.4, at room temperature for 30 min, and then washed 3 × 10 
min with 0.1% glycine in PBS. The muscles were teased into small bundles for immunostaining. 
Small bundles were blocked in PBS containing 2% bovine serum albumin (BSA) with 0.1 – 0.2% 
Triton X-100 (TX-100) for 30 min at room temperature. This was followed by incubation with mouse 
anti-SV2 developed by Buckley K. M. (Buckley & Kelly 1985) obtained from the Developmental 
Studies Hybridoma Bank (DSHB), created by the National Institute of Child Health and Human 
Development of the National Institutes of Health, and maintained at The University of Iowa, 
Department of Biology, Iowa City, IA 52242 (1:100 dilution) in PBS containing 2% BSA and 0.1% 
TX-100 at 1:100 for 1 hour at room temperature. Small muscle bundles were then washed 3× for 5 
mins with PBS before incubation with appropriate Alexa Fluor 488-conjugated anti-mouse secondary 
antibody (Molecular Probes, Invitrogen, Eugene OR, 1: 500 dilution in PBS) in combination with 
Alexa Fluor 555-conjugated α-BTX (Molecular Probes, Invitrogen, 1:250 dilution in PBS) at room 
temperature for 2 hours. Sections were then washed with PBS and coverslip mounted in Prolong Gold 
anti-fade reagent (Molecular Probes, Invitrogen). 
3.10 Confocal microscopy  
Confocal image acquisitions were performed using a Leica DMi8 SP8 inverted confocal laser 
scanning microscope (Leica Microsystems, Wetzlar, Germany) equipped with excitation lasers 
wavelengths of 488 nm, 543 nm, and 633 nm. Sequential scanning of the different channels was 
performed to limit fluorophore spectral crosstalk. Images were sampled at a resolution of 1024 by 
1024 pixels, using a 63x glycerol objective (NA1.4), a 2.5 times zoom, and a z-step size of 0.51 μm. 
Saved images were reconstructed and analysed using the Imaris 8.1.2 software (Bitplane, South 
Windsor, CT, USA). The laser power, scanning speed, photomultiplier gain levels and pin hole size 
were maintained at the same level among scanning of the different immuno-stained whole mount 
muscle preparations. 
3.11 Imaris station for data analysis 
Imaris 8.1.2. (Bitplane, South Windsor, CT) was used to analyse the structure of nerve terminals and 
the corresponding postsynaptic structure. The images of Alexa Fluor-488 labelled nerve terminal and 
the corresponding Alexa Fluor-555 stained AChRs clusters were highlighted by adjusting the single 
channel brightness and contrast levels for visualisation purposes. The level of co-localization between 
the nerve terminal (SV2-fluorescent) and the postsynaptic AChR-fluorescence were analyzed using 
Imaris’ co-localisation tool, and the Pearson co-localization value for the volume for each 
reconstructed 3D NMJs was determined. Briefly, the Pearson’s correlation coefficient is a 
quantitative measurement that estimates the degree of overlap between fluorescence signals obtained 
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in two channels, the mathematical basis of this quantification can be found in (Dunn et al 2011, 
Zinchuk et al 2013, Zinchuk et al 2007). A Pearson co-localization value of ‘1’ indicates absolute co-
localisation and ‘0’ indicates totally no co-localisation. This method was previously used to quantify 
the extent of co-localization of two fluorophore-labelled proteins within the same cell (Keller et al 
2013) also at the NMJs (Caillol et al 2012). For the purpose of helping the readers to understand the 
application of this method in the present study, this quantification process was described with a 
scatterplot as follows (see supplementary Figure 1). In this scatterplot, suppose there are five pixels 
(A, B, C, D and E) in a 8 bit digital image. The intensity of red florescence is plotted against the 
intensity of the green florescence for each pixel. Then the red and green florescence light density 
value of each pixel can be represented by its coordinate in the axes. As the first step to quantify the 
co-localization of red and green florescence in this image, a threshold level of light density for each 
colour was set to exclude the noise and background (as shown in the blue square inlet). Under this 
condition, even some pixels like A and E occupy single high density of green or red florescence but 
very low density of the other would be excluded. Then, the overall co-localization value of this image 
(B, C and D) would be quantified with Imaris’ co-localisation tool, for the mathematical details, 
please see (Dunn et al 2011, Zinchuk et al 2013, Zinchuk et al 2007). 
3.12 Statistical analysis  
Throughout this thesis, I use “N” for the number of animals and “n” for the number of focal 
extracellular recording sites or the number of NMJs used for intracellular recording. However, 
considering only one NMJ from each animal was used for electrophysiological recording. Mostly, N 
= n in this thesis, otherwise will be stated. LabChart and Scope S060/7 (AD Instruments) were used 
for data analysis. For the extracellular recordings in project 1, once an appropriate recording site was 
identified, more than 120 samples of evoked release at a stimulation frequency of 0.2 Hz were 
recorded for each [Ca2+]o change. Extracellular recordings were abandoned if presence of EPCs 
without detecting the nerve terminal impulse; and any shift greater than 15% in quantal release rates 
over the first 20 trials as compared with the last 20 trials. These criteria were strictly adhered to during 
the different [Ca2+]o solution changes. After construction of the amplitude-frequency histograms of 
evoked and spontaneous EPCs, the number of single unit releases, doubles, triples, etc., during the 
trials were estimated by grouping the amplitude histogram (Wernig 1975). Briefly, the mean 
amplitude of the MEPCs was taken as the single quantal unit; twice the amplitude indicated double 
quanta, etc., EPC amplitudes falling half way between two quantal units were divided proportionally 
(see also METHODS in Wernig 1975). The amplitude of evoked EPCs less than the minimum 
amplitude value of MEPCs were counted as transmission failures. Quantal content (me) was 
determined by averaging number of quanta released (me = total number of quanta released/total 
number of trials). Estimates for the binomial parameter pe and ne were made from (Bennett & Lavidis 
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1979). Briefly, pe = 1 - (s
2/me), where me and s
2 are the mean and variance of the evoked quantal 
content; ne = me/pe. Errors in estimating pe and ne were reduced by using focal patch recording to 
reduce electrotonic decrement in endplate currents originating at different distances from the 
recording electrode; by examining quantal release in a relatively low extracellular calcium 
environment to reduce early quantal releases hiding subsequent quantal releases; and by ensuring 
stationarity in me and s
2 during the recording period (Bennett & Pettigrew 1975, Bornstein 1974, 
Wernig 1976, Wernig & Stirner 1977). Student’s unpaired two-tailed t-tests were performed to 
compare me between the wet and dry season NMJs. Mann-Whitney test was used to compare MEPCs 
from wet and dry season NMJs. Results are expressed as means ± SEM with statistical significance 
accepted at p < 0.05. 
For the intracellular recordings in project 2, signals with twice the amplitude above the noise level, 
having less than 2 ms rise time and approximately 9 ms decay time were counted as MEPPs. The 
mean EPP amplitude and mean MEPP amplitude was determined from the intracellular 
electrophysiological recordings. The frequency of MEPPs was determined over a period of 12 - 15 
minutes of recordings. The effect of dynorphin-A on mean EPP amplitude, mean MEPP amplitude 
and frequency was determined. Two-way ANOVA with Sidak post-hoc test as used to determine 
significance. Data are expressed as mean ± SEM with statistical significance accepted at p < 0.05.  
For the morphological study in project 3, the length of primary nerve branch from all the NMJs were 
analysed with Image J (National Institutes of Health). The total nerve branch number and the number 
of nerve terminals with discontinuous pre- and postsynaptic elements in each NMJs were counted. 
Student’s unpaired two-tailed t-tests were performed to compare the total nerve branch number, the 
Pearson value of co-localization and the percentage of nerve terminals with discontinuously 
distributed pre- and postsynaptic elements in each NMJs between wet and dry season NMJs were also 
analysed. Results are expressed as means ± SEM with statistical significance accepted at p < 0.05. 
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Chapter 4. Seasonal factors influence quantal neurotransmitter release and calcium 
dependence at amphibian neuromuscular junctions 
4.1 Introduction of Chapter 4 
Central and peripheral nerve terminals are composed of hundreds of neurotransmitter release sites 
(Dreyer et al 1973, Mallart 1984, Satzler et al 2002, Taschenberger et al 2002) with each release site 
possessing a large pool of ready releasable synaptic vesicles (Harlow et al 2001, Heuser et al 1979, 
Heuser et al 1974, Pawson et al 1998), for review see (Baydyuk et al 2016, Meriney & Dittrich 2013, 
Slater 2015). In spite of this vast pool of ready releasable vesicles the probability of vesicle fusion 
and release of neurotransmitters is very low (Borst 2010, Branco & Staras 2009, Katz & Miledi 1979, 
Reim et al 2001, Schneggenburger & Neher 2000), and highly non-uniform between adjoining release 
sites (Bennet & Lavidis 1982, Bennett et al 1986b, Bennett & Lavidis 1979, D'Alonzo & Grinnell 
1985, Harris & Sultan 1995, Melom et al 2013, Zefirov 1983b), for review see (Korber & Kuner 2016, 
Neher 2015).  
Neurotransmitter release is highly influenced by the extracellular calcium concentration ([Ca2+]o). At 
motor nerve terminals, neurotransmitter release increases logarithmically with an increase in [Ca2+]o 
(Bennet & Lavidis 1982, Bennett & Fisher 1977, Bennett et al 1975, Dodge & Rahamimoff 1967, 
Jenkinson 1957). Similar results were also observed in the central nervous system (Lou et al 2005). 
Although the dependence of neurotransmitter release to [Ca2+]o has been attributed to the interaction 
between calcium and synaptotagmin, variation in the calcium dependence (Andreu & Barrett 1980, 
Crawford 1974) probably arises from variable recruitment of release sites with non-uniform release 
probability of neurotransmitter release (Bennet & Lavidis 1982, Bennett et al 1986b, Bennett & 
Lavidis 1979, D'Alonzo & Grinnell 1985, Harris & Sultan 1995, Melom et al 2013, Zefirov 1983b). 
The mechanism regulating neurotransmitter release behaviour of a large population of relatively silent 
release sites and their orderly recruitment when the [Ca2+]o is increased without over excitation is not 
well understood. It is possible that the non-uniform arrangement of neurotransmitter release 
probabilities between adjoining release sites is a major contributor to the regulated recruitment of 
release sites which leads to appropriate levels of neurotransmission at central and peripheral synapses. 
In amphibian NMJs the environment (wet versus dry season) has been shown to regulate 
neurotransmitter release probability by an as yet unidentified mechanism (Bennett & Lavidis 1991a, 
Hudson et al 2005, Lavidis et al 2008), making it an ideal preparation to examine the mechanism of 
neurotransmission. 
I have used the amphibian neuromuscular junction to examine the calcium dependence and 
recruitment of release sites in different seasons since it is structurally very simple and well organised, 
for review, see (Grinnell 1995, Tarr et al 2013). In the present study I examined the changes in quantal 
content, average probability of neurotransmitter release and numbers of active release sites when the 
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[Ca2+]o was increased in order to further understand the relative recruitment of small groups of release 
sites with different quantal release probabilities.   
4.2 Results 
4.2.1 Living nerve terminal labelled with DiOC2(5) for electrophysiological recording 
As shown in Figure 1, only long primary terminal branches that were clearly isolated from other 
primary, secondary, and tertiary branches were used for electrophysiological examination. 
Extracellular electrodes with tip diameters of between 3 and 5 μm were focally positioned over the 
terminal branch and allowed to form a loose patch seal while monitoring for any pressure effects. If 
no pressure effects were identified (by noticing changes in the NTI, MEPCs, and EPCs), 
electrophysiological recordings were conducted and stored for analysis. 
 
 
Figure 1. Example of a DiOC2(5)-fluorescent long nerve terminal branches used for 
electrophysiological examination.The white arrow indicates the first contacting point of the nerve 
terminal with the muscle.  
4.2.2 The effect of changing [Ca2+]o on m̄e, pe and ne at different groups of release sites 
The average number of quanta released per nerve impulse (quantal content, m̄e) from small groups of 
release sites that were directly beneath the loose patch focal extracellular electrode was estimated 
during 120 to 200 consecutive nerve stimulations (examples of EPCs are shown in Figure 2). The 
amplitude of MEPCs and EPCs from such recordings were used to construct amplitude versus 
frequency distributions as shown in Figure 3. Normal distribution in the amplitude of MEPCs was 
used as a criterion to indicate that the loose patch extracellular electrode was limiting recording from 
release sites directly below the electrode. After successfully obtaining a steady focal extracellular 
recording with normally distributed MEPCs and the consistent recording of the nerve terminal 
impulse (NTI), the extracellular calcium concentration ([Ca2+]o) in the reservoir supplying the tissue 
bath was progressively increased at 0.05 mM steps between the range of 0.3 to 0.6 mM and left for 
30 minutes to reach a steady state. Figure 2 shows 5 consecutive EPC recordings, with A and B 
representing two separate recording sites during the wet season and C during the dry season. In A, 
large amplitude (trace 5) and failure of NTI to evoke EPCs (trace 2) can be seen. While in B, the EPC 
amplitudes are more uniform with no failure shown. In spite of this vastly different pattern of 
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neurotransmitter release the quantal content in A and B was approximately the same (1.9 ± 0.13 for 
A and 1.7 ± 0.06 for B) for these two recordings. 
 
 
Figure 2. Examples of 5 EPCs consecutively recorded from two different sites (A and B) during the 
wet season and (C) during the dry season. The nerve terminal impulse (NTI) followed by the EPC is 
shown for each trace. [Ca2+]o was 0.4 mM in A and 0.45 mM in B and C. Note that the trace in A(2) 
did not show an EPC thus was counted as a failure. More failures are present in C(1), C(3) and C(4).  
After measuring the amplitude of EPCs and MEPCs, amplitude versus number of observation 
distributions were constructed as shown in Figure 3 to estimate m̄e and binomial parameters pe and 
ne. Firstly, in order for a recording site to be accepted for analysis, the NTI had to be consistently 
recorded. Secondly, the MEPC amplitude had to be normally distributed. Thirdly, the average 
amplitude in 10 consecutive recordings of the MEPC did not vary by more than 15% between the 
beginning and end of the recording. For each site that met these conditions the [Ca2+]o was changed 
in 0.05 mM steps to determine the calcium dependence of each group of release sites recorded by the 
focally positioned extracellular electrode. An example of such a group of release sites recorded by an 
extracellular electrode is shown in Figure 2. The recruitment of previously silent release sites within 
the group recorded by the extracellular electrode was indicated by an increase in the EPC amplitude 
distribution as the [Ca2+]o increased from 0.3 to 0.4 mM (Figure 3). The EPC amplitude distributions 
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shown in Figure 3A at 0.3 mM [Ca2+]o shows a small variance in the EPC amplitude indicative of 
quantal release coming from mostly a single active release site. When however the [Ca2+]o was raised 
to 0.4 mM the variance in EPC amplitude was increased as a result of more release sites within the 
recording group becoming active. This recruitment of relatively silent release sites resulted in a 
decrease of the average pe as ne increased. In Figure 3B however the average pe increased when 
[Ca2+]o was increased from 0.3 to 0.4 mM in the already active release sites. 
 
 
Figure 3. Two examples of EPC and MEPCs amplitude frequency distributions in the wet season 
showing the quantal nature of neurotransmitter release and how the distributions are altered when 
[Ca2+]o was increased. Top left and right bar graphs demonstrate the distribution of MEPC 
amplitudes. The remaining distributions are those of EPC amplitudes made during 120-200 impulses 
at different [Ca2+]o concentrations. The middle left and right bar graphs demonstrate the distribution 
of EPC amplitudes when the [Ca2+]o was 0.3 mM. The bottom left and right bar graphs demonstrate 
the distribution of EPC amplitudes when the [Ca2+]o was 0.4 mM. The black bars represent the 
number of failures. 
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4.2.3 Seasonal influence on the relationship between [Ca2+]o and binomial parameters at 
different groups of release sites   
Considering the highly non-uniform quantal release probability between adjoining release sites, I 
examined the changes in pe and ne at groups of release sites with vastly different quantal release 
characteristics. In the present study, for each of the focally recorded sites, the quantal release profiles 
was measured for at least three [Ca2+]o levels, ranging between 0.3 and 0.6 mM at 0.05 mM steps. 
How m̄e, ne and pe change as the [Ca2+]o changes was examined for toads obtained from the wild 
during the wet season (Figure 4) and during the dry season (Figure 5). Figure 4 shows the calcium 
dependence for pe, ne and m̄e, for animals captured during the wet season. Among the forty recording 
sites in total, 72.5% (29/40) of the release sites showed an increase in both pe and ne with  increasing 
[Ca2+]o (Figure 4A-C). Unexpectedly, 27.5% (11/40) of the recording sites exhibited a drop of pe 
value while m̄e increased with increasing [Ca2+]o (Figure 4D-F). The ne value showed an increase in 
all the recording sites examined with increasing [Ca2+]o. While, compared with the pe increase sites, 
the pe decrease sites had a steeper gradient for ne as [Ca
2+]o increased.  
Figure 5 shows the calcium dependence of m̄e, pe and ne for animals captured during the dry season 
when toads are typically hibernating. All NMJs examined from these animals showed that m̄e, pe and 
ne increased with increasing [Ca
2+]o. In dry season, the quantal neurotransmitter release at 0.3 mM 
[Ca2+]o was very low. So, I examined the quantal neurotransmitter release calcium dependence from 
0.45 mM [Ca2+]o. Under this condition, the calcium dependence for the dry season NMJs was shifted 
to the right when compared to wet season NMJs indicating that a higher [Ca2+]o was required to 
achieve the same level of neurotransmitter release (Figure 6).  
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Figure 4. Variation in the probability of quantal release between nearby release sites in the wet 
season leads to differences in the recruitment of release sites when [Ca2+]o is increased. The data 
shown in these graphs were obtained from NMJs of toads captured during the wet season (January 
to April in Southeast Queensland). The changes in pe, ne and m̄e as [Ca2+]o is increased from 0.3 mM 
to 0.45 mM are shown. The top panels (A, B, C) are for the recordings that demonstrated an increase 
in pe when [Ca
2+]o was increased (n = 29). The bottom panels (D, E, F) are for recordings that 
demonstrated a decrease in pe when [Ca
2+]o was increased (n = 11). The activation of relatively silent 
release sites is thought to be responsible for the decrease in pe. The average value of pe, ne and m̄e in 
different [Ca2+]o were plotted by log-log coordinates and fitted by linear regression. In comparison, 
the pe decrease sites showed a steeper increase of ne than the pe increase sites when the [Ca
2+]o was 
increased (linear regression with a slope of 2.77 ± 0.47 versus 2.38 ± 0.52). While, the linear 
regression of the average quantal content of pe decrease sites showed no significant difference when 
compared with that of the pe increase sites when the [Ca
2+]o was increased (linear regression with a 
slope of 3.73 ± 0.36 versus 3.59 ± 0.1). 
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Figure 5. The changes in binomial parameters of quantal neurotransmitter release when [Ca2+]o is 
increased during the dry season. The data shown in these graphs were obtained from NMJs of toads 
(n = 8) captured during the dry season (September to October in the Southeast Queensland). The 
relationship between pe, ne and m̄e as [Ca2+]o is increased from 0.45 to 0.6 is shown. The average 
value of pe ,(A) ne (B) , and m̄e (C)  in different [Ca2+]o were plotted by log-log coordinates and fitted 
by linear regression. 
4.2.4 Comparison of MEPC frquency during the wet and dry season 
It was previously shown that evoked and spontaneous neurotransmitter release are influenced by 
cytosolic calcium concentration (Grinnell & Pawson 1989, Lou et al 2005). I compared the frequency 
of MEPCs between the wet and dry season as a possible indicator of changing cytosolic calcium 
levels. The frequency of MEPCs was significantly (p < 0.05, Mann-Whitney test) lower during the 
dry season (Figure 7). This observation suggests that the changes between the wet and dry season in 
evoked neurotransmitter release may be explained by altered cytosolic calcium levels. 
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Figure 6. Quantal content versus [Ca2+]o was shifted to the right indicative of a decrease in sensitivity 
of quantal release to calcium during the dry season. Filled circle represents the m̄e during wet season 
and filled square represents the m̄e during dry season.  A comparison of the mean quantal content (± 
SEM) at 0.45 mM [Ca2+]o showed a highly significant difference during wet and dry season.  
 
 
Figure 7. MEPC frequency was reduced during the dry season compared the wet season in the toad 
NMJs. The box plots show that the frequency of MEPCs for wet season NMJs was in the range of 0.3 
to 9 per minute. During the dry season the frequency of MEPCs was 0.2 to 3.2 per minute.  
4.3 Discussion 
The present study has indicated that the non-uniform distribution in probability of neurotransmitter 
release between adjoining release sites may contribute to the regulation of appropriate levels of 
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neurotransmission during the wet and dry seasons in amphibians. The calcium dependence of quantal 
release showed no significant difference between wet and dry season (3.61 ± 0.19 versus 3.71 ± 0.191 
respectively). However, there was a significant shift of the m̄e versus [Ca2+]o relationship to the right 
during the dry season indicative of a decrease in sensitivity of quantal neurotransmitter release to 
extracellular calcium. Variance in the probability of quantal release between adjoining release sites 
immediately beneath the recording electrode was most likely responsible for the differences in pe 
change with the increase of [Ca2+]o observed during the wet season. While, in the dry season, the loss 
of high probability release sites in low [Ca2+]o resulted in an uniform increase in pe with the increase 
of [Ca2+]o. Our present findings indicate that the non-uniform arrangement in probability of 
neurotransmitter release between adjoining release sites plays an important role in regulating the level 
of neurotransmitter release in all seasons.  
4.3.1 A comparison of the calcium dependence between NMJs obtained during the dry and wet 
season 
In amphibians it has been shown that a small number of release sites have a relatively higher 
probability of quantal neurotransmitter release with the majority of release sites having quantal 
release probabilities of less than 0.01 during the active wet season (Bennett & Lavidis 1979). This is 
not the case during the dry season when relatively active release sites are very hard to find. During 
the dry season, amphibians go into hibernation, reducing their metabolic rate and neuro-muscular 
activity (Hudson et al 2005, Kayes et al 2009). Even though the probability of quantal 
neurotransmitter release is very low, some release sites can still be activated by increase the 
extracellular calcium concentration resulting in a pattern of release activity that is similar to 
neuromuscular junctions that are studied during the active wet season (Lavidis et al 2008). In the 
present study, calcium sensitivity decreased while calcium dependence was not significantly changed 
during the dry season when compared to the wet season. The calcium sensitivity decrease observed 
during the dry season could be explained by a reduction in the density of calcium channels or 
inhibition of calcium channels by hormones released during the dry season. Amphibian NMJs have 
been shown to be sensitive to dynorphin and morphine (Lavidis 1995a, Lavidis 1995b). The reduction 
in quantal content induced by these opioids has been shown to be partially reversed by increasing 
extracellular calcium (Lavidis 1995b). 
4.3.2 Recruitment of relatively silent release sites during the wet and dry season  
Motor nerve terminals on amphibian iliofibularis muscle are composed of terminal branches which 
have hundreds of release sites that run perpendicular to these branches and are regularly spaced about 
1 μm apart. Each of these release site when activated by a nerve terminal impulse may release quanta 
(Bennett et al 1987). The extracellular recording technique first introduced by Katz and Miledi (Katz 
& Miledi 1965) is the most direct method to estimate the number of quanta released from a small 
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population of release sites. One limitation when using this technique however relates to the estimation 
of how many release sites are recorded by the focal extracellular electrode. The extracellular field 
associated with the discharge of a miniature EPC can only be detected within a radius of 5 - 10 μm 
from the point of origin (Castillo & Katz 1956, Wernig 1975). Utilizing triple simultaneous 
extracellular recordings, it was demonstrated that the peak extracellular potential declines to 20% of 
its initial value in a distance of 6 μm, both along the length of the fibre and in the circumferential 
direction around the fibre (Bennett et al 2000). Focal extracellular loose patch electrodes have been 
used to record electrical currents immediately generated beneath the recording electrode (Forti et al 
1997, Lavidis & Bennett 1992, Sheng et al 2012). Using this method I successfully recorded from 
small groups of release sites located immediately beneath the recording electrode as verified by the 
amplitude-frequency of MEPCs being normally distributed. I thus examined the quantal release 
characteristics of defined small sets of release sites. Important parameters were closely monitored to 
insure that electrode pressure was not influencing quantal release and that release sites immediately 
outside of the recording electrode were not contributing to MEPC and EPC recordings.  
Considerable spatial and temporal variation in the probability of quantal release was demonstrated 
during the wet and dry seasons. This led to variable recruitment of release sites with the increase of 
[Ca2+]o between the wet and dry seasons. Variable changes in the probability of quantal 
neurotransmitter release was observed with some recording sites showing a decline in the average 
probability of quantal release only in the wet season while most showed the expected increase in both 
seasons when [Ca2+]o was increased. The recording sites that showed the decrease in probability of 
quantal release had relatively high levels of release in low [Ca2+]o. During the wet season I observed 
an increase in the level of non-uniformity in the probability of quantal release. One possible 
explanation for these observations is that some release sites have very high levels of quantal release 
during the wet season but recruitment of relatively silent release sites causes a reduction in the average 
probability of quantal release. I did not see this effect during the dry season because the probability 
of quantal release is more uniformly very low when compared with the wet season. Variation in the 
level of non-uniformity in the probability of quantal release along terminal branches has been 
demonstrated in numerous publications with different amphibian species and different seasons 
(Bennett & Lavidis 1979, D'Alonzo & Grinnell 1985, Karunanithi et al 1992, Lavidis et al 2008, 
Zefirov 1983b). On the other hand, regional differences in spontaneous quantal release exist along 
the amphibian motor nerve terminal. More specifically, a higher number of MEPCs are produced in 
the proximal portion of the nerve terminal close to motor axon entry, which is quite similar to regional 
differences  seen for evoked quantal neurotransmitter release (Robitaille & Tremblay 1991, Robitaille 
et al 1987, Tremblay et al 1984), for in depth reviews, see (Robitaille et al 1985). However, 
spontaneous quantal release from the entire presynaptic nerve terminal did not show significant 
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seasonal differences when examined by intracellular recordings (Bennett & Lavidis 1991b, Hudson 
et al 2005, Lavidis et al 2008). In the present study, a decrease in the frequency of MEPCs during the 
dry season was observed, this result is may not a contradictory to the previously experiments as we 
used focal extracellular recording to record quantal neurotransmitter release from only a selected 
certain small number of active zones along the nerve terminal. Taken together, these data suggest 
may indicate that the spontaneous quantal neurotransmitter release is more uniformly distributed 
along the dry season nerve terminal. The underlying mechanism remains to be examined in the 
following studies. As was mentioned earlier, the cytosolic calcium level in the presynaptic nerve 
terminal may have has an important role in the regulation of spontaneous neurotransmitter release 
(Grinnell & Pawson 1989, Lou et al 2005), a continuing study from this would be to examine the 
intraterminal Ca2+ level during the wet and dry seasons. These studies and our present observations 
demonstrate the highly adaptive nature of the neuromuscular junction responding environmental 
changes.  
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Chapter 5. Climatic modulation of neurotransmitter release in amphibian neuromuscular 
junctions: role of dynorphin-A 
5.1 Introduction of Chapter 5 
Amphibians such as toads Bufo marinus and frogs Cyclorana alboguttata living in semi-arid 
environments enter into dormancy as a survival strategy when they are confronted with less food and 
water during the dry season. During dormancy, amphibians undergo strong suppression of both 
locomotor activity and metabolic rate for months or even years at a time (Seymour 1973, Withers 
1993, Withers 1995). Interestingly, the locomotor systems of dormant amphibians remain fully 
competent during prolonged periods of complete inactivity (Hudson & Franklin 2002a, Hudson et al 
2006, Mantle et al 2009, Symonds et al 2007). This is surprising because lack of activity of vertebrate 
skeletal muscle typically results in muscle disuse atrophy and neuromuscular junction (NMJ) 
remodelling (Castro et al 1999, Lexell 1995, Phillips et al 2009), for review see (Rudrappa et al 2016, 
Theilen et al 2016, Tintignac et al 2015). Studying the mechanisms employed by amphibians to 
prevent skeletal muscle wastage and conservation of NMJ structure, our results have provided insight 
into the amphibian neuromuscular protective mechanism.  
Neuromuscular activity and muscle mass have a major impact on metabolic properties of the 
organisms as muscle contains molecular sensors that allow the adjustment between protein synthesis 
and protein breakdown (Glass 2005, Glass 2010, Ruegg & Glass 2011, Sandri 2008). Unlike other 
organs which undergo a significant reduction in tissue mass after prolonged inactivity, reduction in 
metabolism is not accompanied by significant change in amphibian skeletal muscle mass (Kayes et 
al 2009). Dormant amphibian NMJs also maintain normal morphology when compared with the non-
dormant controls but exhibit a significant drop in the strength of synaptic neurotransmission (Bennett 
& Lavidis 1991a, Hudson et al 2005, Knight et al 2005, Lavidis et al 2008). How neuroendocrine 
systems coordinate decreases in muscle metabolic rate and yet maintain muscle mass and NMJ 
structure even after years of dormancy remains unclear.  
Endogenous opioid peptides (Broccardo et al 1981, Cone & Goldstein 1982a, Montecucchi et al 1981) 
represent one possible mechanism by which amphibians may accomplish these feats (Oeltgen et al 
1988, Oeltgen et al 1987, Stevens & Pezalla 1989, Yu & Cai 1993). Activating the μ-opioid receptor 
by morphiceptin, for example, decreases metabolic rate in the liver of dormant but not active 
amphibians, in contrast, morphiceptin decreased the skeletal muscle metabolic rate in active but not 
in dormant amphibians (Kayes et al 2013). μ-opioid receptor and κ-opioid receptor ligands like 
morphine, dermorphine and dynorphin-A have been shown to inhibit evoked neurotransmitter release 
in active amphibians (Lavidis 1995a, Lavidis 1995b). Since dynorphin-A is 21 times more potent 
than morphine in decreasing neurotransmitter release and since dermorphine showed very little effect 
on evoked neurotransmitter release, it has been suggested that endogenous opiates are decreasing 
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evoked neurotransmitter release by acting on presynaptic κ-opioid receptors (Lavidis 1995a, Lavidis 
1995b). The present study aims to compare the dynorphin-A induced reduction in evoked 
neurotransmitter release during the dormant and active periods.  
5.2 Results  
5.2.1 The effect of dynorphin-A on evoked neurotransmitter release in the toad NMJs during 
wet and dry seasons  
The effects of dynorphin-A on evoked neurotransmitter release in toad NMJs during wet and dry 
seasons were compared using electrophysiological analysis of neurotransmission. Evoked end-plate 
potentials (EPPs) and miniature end-plate potentials (MEPPs) were recorded before and after 
dynorphin-A exposure. In the presence of dynorphin-A, the mean EPP amplitude decreased in a 
concentration-dependent manner in both dry and wet seasons, however the concentration-response 
curves exhibited significant difference between wet and dry season animals. Furthermore the number 
of failures to evoke an EPP following stimulation of the nerve increased in the presence of dynorphin-
A in both the wet and dry seasons and was more pronounced in the dry season. The increased 
intermittence in EPPs was not reflected by any intermittence in the nerve terminal impulse (Figure 
12). Application of dynorphin-A (0.24 to 24 μM), showed a decrease in evoked neurotransmitter 
release with an IC50 of 5.6 μM in the dry season and > 24 μM in the wet season. In the presence of 
dynorphin-A (12 μM), the degree of suppression was far more pronounced in the dry season than in 
the wet season (reduced by 90.47 ± 1.7% in dry season, N = 6, and 26.5 ± 5.51% in wet season, N = 
5; mean ± SEM; p < 0.05). Example recordings are shown in Figure 8 and concentration-response 
curves are shown in Figure 9.  
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Figure 8. The effect of dynorphin-A on evoked end-plate potentials. Examples of 8 consecutive evoked 
end-plate potentials taken from the iliofibularis neuromuscular terminals from an active toad during 
the wet season (left panel) and a dormant toad during the dry season (right panel). Stimulus artefact 
(SA, as indicated on the wet season top traces). 
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Figure 9. A comparison of the level of reduction in quantal content (m) induced by dynorphin-A in 
the wet and dry seasons. Normalised end-plate potential amplitudes were calculated and plotted 
against concentration of dynorphin-A. The mean quantal content for the wet season (filled circles) 
and dry season (open circles) are shown, and bars indicate ± SEM. The solid and dash lines indicate 
the mean of quantal content in the wet and dry season respectively. Dynorphin-A elicited a 
significantly greater concentration-dependent decrease in quantal content during the dry season (N 
= 6) when compared with the wet season (N = 5). Significance on the graph is indicated as follows: 
* p < 0.05 and *** p < 0.001, for wet season, # p < 0.05, ### p < 0.001, for dry season (One-way 
ANOVA with Bonferonni post-test was used for the statistical analysis).   
5.2.2 The effect of dynorphin-A on miniature neurotransmitter release in the amphibian NMJs 
during the wet and dry seasons  
I next examined the effect of dynorphin-A on miniature neurotransmitter release to ascertain if 
dynorphin-A is interfering with vesicular exocytosis. Analysing the rise time of the MEPPs revealed 
no significant change during the wet and dry season NMJs. Dynorphin-A, at higher doses (12 μM 
and 24 μM), decreased the amplitude but increased the frequency of MEPPs in dormant toad NMJs 
during the dry season (example recordings are shown in Figure 10 and analysed data are shown in 
Figure 11). The amplitude of MEPPs was significantly reduced by dynorphin-A (24 μM) during the 
dry season but not during the wet season (mean MEPP amplitude decreased by 17.64 ± 4.74% in dry 
season, N = 6, and 0.83 ± 5.86% in wet season, N = 5; mean ± SEM, p < 0.05). The frequency of 
MEPPs recorded during the wet season (0.0564 ± 0.019 versus 0.0687 ± 0.016, control versus 
dynorphin-A treatment, N = 5), and during the dry season (0.041 ± 0.0117 versus 0.148 ± 0.0624, 
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control versus dynorphin-A treatment, N = 6). These results show that dynorphin-A does not inhibit 
miniature neurotransmitter release and even enhance the frequency of release. 
 
 
Figure 10. The effect of dynorphin-A on miniature end-plate potentials (MEPPs). Each trace is the 
average of 10 MEPPs. The dotted parallel lines indicate the baseline and the peak of MEPPs during 
the wet and dry season.  
 
 
Figure 11. The effect of dynorphin-A on miniature neurotransmitter release during the wet and dry 
seasons. Normalised MEPP frequencies and amplitudes (±SEM) were recorded at each 
concentration of dynorphin-A. Wet season (filled circles) and dry season (open circles). Dynorphin-
A had no effect on MEPPs during the wet season but elicited a significant increase in MEPP 
frequency (Figure 11A) and a significant decrease in MEPP amplitude (Figure 11B) at higher 
concentrations (12 and 24 μM) in the dry season. Figure 11C: cumulative amplitude distribution of 
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the MEPPs of a representative recording during control (solid black line) and dynorphin-A (24 μM, 
dashed line) application in wet season toad NMJs, showing that dynorphin-A did not cause a 
significant shift in the distribution curve. Figure 11D: cumulative amplitude distribution of the 
MEPPs of a representative recording during control and dynorphin-A (24 μM) application in dry 
season toad NMJs, showing that dynorphin-A caused a significant left hand shift in MEPP amplitude 
during the dry season. Significance level is indicated as follows: # p < 0.05, ### p < 0.001, for both 
wet and dry season (One-way ANOVA with Bonferonni post test). 
5.2.3 Increasing the [Ca2+]o reversed the dynorphin-A induced reduction in evoked 
neurotransmitter release 
I examined the effect of increasing [Ca2+]o on the dynorphin-A induced reduction in EPP amplitude 
to determine if the increased effectiveness of dynorphin-A during the dry season is due to the 
previously demonstrated decrease in calcium sensitivity (Ge & Lavidis 2017). Dynorphin-A reduced 
the EPP amplitude in dry season preparations by 77%, increasing the [Ca2+]o from 0.5 to 0.9 mM 
reversed the dynorphin-A reduction in EPP amplitude (Figure 13D). Furthermore, the effect of 
dynorphin-A was partially reversed by a test impulse following a conditioning impulse (0.89 ± 0.27 
versus 0.34 ± 0.17 respectively, N = 4, p = 0.017, Paired t-test).   
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Figure 12. The effect of dynorphin-A on the nerve terminal impulse (NTI, as indicated on the two top 
traces) and the end plate current (EPC) recorded by focal extracellular electrode. The traces shown 
in Figure 12A and 12B represent five consecutive recordings during control and dynorphin-A (24 
μM) treatment in dry season amphibian NMJs, the stimulus artefact (SA) is shown followed by the 
NTI and the extracellular signs of the end-plate current. Neither the shape of the NTI nor the 
consistency with which it was observed was changed following dynorphin-A treatment in dry season. 
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Figure 13. The increase of [Ca2+]o reversed the evoked quantal neurotransmitter release inhibition 
in dynorphin-treated preparations during the dry season. Ten consecutive recordings are shown for 
control with 0.5 mM [Ca2+]o (A), a dynorphin-A (24 μM)- treated preparation (B), and 0.9 mM 
[Ca2+]o in a dynorphin-A-treated preparation (C). D: summarized data on the amplitude of evoked 
EPCs during control (Ctr.), dynorphin-A treatment (Dyn-A), and higher [Ca2+]o (0.9 mM) with 
dynorphin-A treatment. E: 10 consecutive test-conditioning trials in a dynorphin-A-treated 
preparation with 0.5 mM [Ca2+]o. The interval between conditioning and test impulses is 20 ms. 
5.3 Discussion 
The present study has demonstrated that the toad NMJ is sensitive to dynorphin-A since exogenously 
applied dynorphin-A decreased evoked neurotransmitter release in concentration-dependent manner 
with an IC50 of 5.6 µM during the dry season when toads are hibernating. During the active period 
(the wet season) dynorphin-A was less effective in reducing evoked neurotransmitter release, 
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IC50 >24 µM. Dynorphin-A at > 10 µM induced a significant increase in MEPP frequency and a 
decrease in MEPP amplitude. These observations support the hypothesis that dynorphin-A suppresses 
evoked neurotransmitter release during the dry season allowing the animal to hibernate. Furthermore, 
during this period subthreshold communication between motor nerve terminal and muscle is 
maintained in the form of MEPPs. Such subthreshold stimulation may thus have the role of 
neuromuscular junction protection from inactivity induced remodelling. 
5.3.1 Differential inhibition of evoked neurotransmitter release by dynorphin-A during the wet 
and dry season     
The inhibitory effects of dynorphin-A on evoked neurotransmitter release during the wet season were 
in agreement with previous studies (Lavidis 1995a, Lavidis 1995b). Dynorphin-A has high affinity 
for the κ-opioid receptors, but also binds with low affinity to μ- and δ-opioid receptors (Raynor et al 
1994) and the N-methyl-D-aspartic acid (NMDA)-type glutamate receptors (Drake et al 2007, Lai et 
al 2006). Given that dynorphin-A is 21 times more potent than morphine in decreasing evoked 
neurotransmitter release and since dermorphine has very little effect on evoked quantal secretion on 
the toad NMJs, it was suggested that endogenous opiates are decreasing evoked neurotransmitter 
release by acting on presynaptic κ-opioid receptors (Lavidis 1995a, Lavidis 1995b). The κ-opioid 
receptors are coupled to the Gi/o G-protein family, and they can activate voltage gated K
+ channels 
(Yamada et al 1998) or inhibit the voltage-dependent Ca2+ channels (VGCCs) (Herlitze et al 1996) 
through their βγ subunits. Once the action potential reaches the last node of Ranvier and very quickly 
depolarises the whole terminal the most effective mechanism for modulating neurotransmitter release 
is via modulation of the VGCCs. Previous studies have indicated that activation of κ-opioid receptors 
induced a reduction of evoked neurotransmitter release by inhibition of VGCCs and that increasing 
the concentration of extracellular calcium reduces the dynorphin-A induced inhibition of 
neurotransmitter release (Lavidis 1995a, Lavidis 1995b), unpublished observations from the Lavidis 
laboratory has ascertained that N-type VGCCs are wholly responsible for the evoked neurotransmitter 
release since ω-connotoxin GVIA totally abolished evoked neurotransmitter release.    
During the dry season, evoked neurotransmitter release decreases as toads hibernate (Bennett & 
Lavidis 1991a, Hudson et al 2005, Knight et al 2005, Lavidis et al 2008). The results from the present 
study show that evoked neurotransmission is more susceptible to dynorphin-A inhibition during the 
dry season. The differential sensitivity of the toad NMJ to dynorphin-A may result from a decrease 
in the density or phosphorylation state of the VGCCs aligning the active zones during hibernation 
thus reducing the level of overlap in calcium microdomains formed adjacent to vesicles at the active 
zones during stimulation. Further reduction in calcium microdomains by dynorphin-A would more 
effectively reduce evoked neurotransmitter release in the dry season. During the wet season when 
toads are active, evoked neurotransmitter release has a high safety factor which possibly arises as a 
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consequence of a high level of calcium microdomain overlap, under this scenario dynorphin-A would 
be less effective in reducing evoked neurotransmitter release. Alternatively, opioid receptors are 
known to desensitize through receptor phosphorylation, transient internalization and degradation, and 
this can be onset over a time scale ranging from seconds to days (Liu-Chen 2004). Opiate receptors 
at the toad nerve terminal may undergo such differential regulation during the wet and dry seasons.   
5.3.2 Miniature neurotransmitter release may prevent NMJ remodelling during prolonged 
periods of inactivity  
Previous studies have demonstrated that both evoked and miniature neurotransmitter releases are 
variable among the active zones along nerve terminal branches (Karunanithi et al 1992, Melom et al 
2013, Zefirov et al 1995). The regulation of spontaneous neurotransmission by dynorphin-A in toad 
NMJs exhibited distinct seasonal changes. In contrast to no influence on the MEPPs in the wet season, 
application of relatively high doses of dynorphin-A increased the frequency and decreased the 
amplitude of MEPPs in the dry season toad NMJs. It was inferred that, compared to the evoked 
quantal release, spontaneous neurotransmitter release from the amphibian nerve terminals exhibits 
higher dependence on static intracellular Ca2+ rather than transient Ca2+ influx into the presynaptic 
membrane (Angleson & Betz 2001, He et al 2000, Robitaille & Tremblay 1991). Furthermore, it can 
also be regulated by Ca2+-independent mechanisms (Chen & Grinnell 1997, Kijima & Tanabe 1988). 
Here, it is reasonable to postulate that dynorphin-A coupled intracellular pathway undergo seasonal 
alternation, which is responsible for the different effect on the frequency of MEPCs in the toad NMJs. 
The mechanisms underlying the dynorphin-A induced decrease in the amplitude of MEPPs can be 
presynaptic, for example, the loading of ACh into the synaptic vesicle was obstructed or the size of 
the synaptic vesicles were reduced. Meanwhile, for the purpose of discussion, this can also be 
postsynaptic, as it was shown that dynorphin-A can directly desensitize the AChRs to inhibit synaptic 
neurotransmission (Ferrari et al 2016, Itoh et al 2000).  
Emerging evidence indicate that different forms of release are mediated by distinct sets of synaptic 
proteins (Diantonio & Schwarz 1994, Groffen et al 2010, Hobson et al 2011, Hu et al 2015, Littleton 
et al 1994, Martin et al 2011, Pang et al 2006, Pang et al 2011, Ramirez & Kavalali 2011). Compared 
to evoked neurotransmission, which has the essential role of triggering action potential in skeletal 
muscle and activates the excitation-contraction coupling, the role of miniature neurotransmission is 
more complicated and speculative. Some studies have suggested that miniature neurotransmitter 
release has a role in regulating synaptic structure (Ataman et al 2008, Huntwork & Littleton 2007), 
and functional maintenance (Gonzalez-Islas et al 2012, Jin et al 2012, Kavalali et al 2011, Lee et al 
2010, Nosyreva et al 2013, Sutton et al 2006). Complete inhibition of neurotransmission in the NMJs 
could induce synaptic remodelling (Wernig et al 1980). The maintenance and in some cases increased 
frequency of MEPPs during the dry season when evoked neurotransmitter release is greatly 
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suppressed may serve to prevent the NMJ from remodelling. A similar function for miniature 
neurotransmission in the development of Drosophila synaptic terminals has been proposed (Choi et 
al 2014). Abolition of evoked neurotransmission in Drosophila did not induce morphological changes. 
Our present findings and the observation published by Choi et al. (2014) suggest that MEPPs have a 
unique role in the development and maintenance of neuromuscular terminals during prolonged 
inactivity. Weakened neuromuscular transmission has been shown to be associated with motor 
dysfunction and muscular atrophy in different animal models (Xu et al 2016) and humans (Allen et 
al 2015), for review see (Tintignac et al 2015).     
It is possible that dynorphin-A induces inhibition of evoked neurotransmitter release from amphibian 
NMJs during the dry season thus reducing excitation-contraction coupling and metabolic demand. 
Inactivity induced remodelling of NMJs and muscle disuse atrophy may be prevented by miniature 
subthreshold neurotransmission which is maintained or even slightly increased during the dry season. 
Our present results demonstrate that dynorphin-A is more effective in inhibiting evoked 
neurotransmitter release during the dry season when animals are hibernating. Furthermore, miniature 
neurotransmitter release is slightly increased by dynorphin-A which raises the possibility that 
miniature neurotransmitter release has a role in NMJ maintenance during prolonged inactivity.  
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Chapter 6. Evidence of minor neuromuscular junction remodelling during periods of prolonged 
muscle inactivity in amphibians  
6.1 Introduction of Chapter 6 
Synapses of the nervous system undergo continual remodelling in order to meet their functional role 
(Engert & Bonhoeffer 1999, Krause & Wernig 1985, Leung & Wong 2017, Macleod et al 2001, 
Wernig et al 1981), for review see (Kuner & Flor 2016, Skaper et al 2017, Wernig & Herrera 1986). 
Structural remodelling is widely viewed as the basis of functional synaptic plasticity. It was suggested 
that synaptic remodelling generally exhibits a cyclic change in both central and peripheral nervous 
system (Hebb 1949). More specifically, active neurotransmission leads to nerve terminal growth, and 
decreased neuronal activity could provide a period of nerve terminal elimination, retraction to 
downscale, refine, consolidate or strengthen particular synapses and circuits (Nishiyama & Yasuda 
2015, Tononi & Cirelli 2014). This however is an oversimplification since for example increased 
excitation in the amygdala promotes synaptogenesis while at the same time increased excitation in 
the hippocampus induces a reduction in synapses (Lupien et al 2009). The underlying mechanisms 
that regulate synaptic structure and function are still poorly understood. Amphibian neuromuscular 
junctions (NMJs) provide a good model synapse for this study for the following reasons. First, the 
efficacy of neurotransmission in the amphibian NMJs undergoes seasonal change, with the 
probability of quantal neurotransmitter release being higher in the wet season when compared with 
the dry season (Bennett & Lavidis 1991a, Ge & Lavidis 2018, Lavidis et al 2008, Pawson & Grinnell 
1989, Singh 1964). Second, its structure is relatively simple and widely accessible (Dorlochter et al 
1993, Meriney & Dittrich 2013).   
Since quantal size (miniature endplate potential amplitude, MEPP) remains relatively constant in both 
dry and wet seasons (Bennett & Lavidis 1991a, Ge & Lavidis 2018, Hudson et al 2005), which 
indicates the maintenance of postsynaptic structure, it is suggested that synaptic remodelling is largely 
presynaptic (Pawson & Grinnell 1989). Previous studies utilized many different histological methods 
to examine the pre- and postsynaptic structure of the NMJs. A common method used was silver 
staining of filaments within motor nerve terminals and fluorescence conjugated α-bungarotoxin (α-
BTX) staining of the corresponding postsynaptic acetylcholine receptors (AChRs) at the NMJs to 
examine morphological changes (Jans et al 1986, Krause & Wernig 1985, Wernig et al 1981, Wernig 
et al 1980). The results indicated that synaptic remodelling in the amphibian NMJs mostly involve 
the distal end of nerve terminals, characterized by longitudinal misalignment of the pre- and 
postsynaptic elements. However, it is not clear why the continuous long nerve terminals are 
sometimes opposed to discontinuous AChR clusters in the middle part of terminal branches (Bennett 
et al 1987, Jans et al 1986, Krause & Wernig 1985). One possibility is that highly intermittent quantal 
neurotransmitter release at sections of the nerve terminal are associated with reduced vesicle density 
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which in turn are associated with reductions in AChR clustering in the corresponding postsynaptic 
sites. This possibility was examined by comparing the clustering of AChRs under the terminal during 
the wet and dry seasons; I would expect greater intermittent clustering during the dry season.  
In the present study, nerve terminals from different NMJs were labelled with an antibody against 
synaptic vesicle membrane glycoproteins (synaptic vesicle 2, SV2) and the postsynaptic AChRs were 
labelled with Alexa Fluro-555 conjugated α-BTX. In order to examine how the NMJ remodelling 
changes in the active neurotransmitter release state (wet season) and in the inhibited neurotransmitter 
release state (dry season), 87 NMJs from 3 dry season animals and 80 NMJs from 3 wet season 
animals were sorted into three groups according to the longest primary terminal branch (PTB) to 
check for possible developmental differences: the short NMJs (PTB < 50 μm), the median NMJs (50 
≤ PTB < 100 μm) and the long NMJs (PTB ≥ 100 μm). I compared the total nerve branch number, 
the percentage of nerve branches with discontinuous pre- and postsynaptic elements, and the Pearson 
value of co-localization of the pre- and postsynaptic elements in each NMJs from both the dry and 
wet season, the synaptic remodelling pattern change during the dry season may contribute to the 
structure maintenance of the amphibian NMJs during this low probability quantal neurotransmitter 
release period (Ge & Lavidis 2018, Ge & Lavidis 2017).   
6.2 Results 
6.2.1 Short PTB-NMJs demonstrate a significant increase in the co-localization of SV2 and 
AChRs and an increase in discontinuity in pre- and postsynaptic elements in the dry season 
Among the 87 NMJs in the dry season examined, there were 31 short PTB-NMJs (35.6%). From the 
80 NMJs in the wet season examined, there were 31 short PTB-NMJs (38.8%). A representative short 
PTB-NMJ from the dry season (upper panel) and wet season (lower panel) is shown in Figure 14. 
The Pearson value of co-localization (Figure 15A) and the percentage of nerve terminals with 
discontinuously distributed pre- and postsynaptic elements (Figure 15C) indicate significant 
differences (p < 0.05) in dry season when compared with wet season. Following examination of the 
total number of nerve terminal branches, I did not see a significant seasonal difference.   
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Figure 14. Examples of the short PTB-NMJs in the dry (upper panel, A B C) and the wet season 
(lower panel, D E F) amphibian iliofibularis muscle. Dry season nerve terminals were labelled with 
anti-SV2 monoclonal antibody (A). Dry season short PTB-NMJs postsynaptic AChRs were labelled 
with Alexa Fluro-555 conjugated α-BTX (B). (C) Merged images from (A) and (B). Wet season nerve 
terminals were labelled with anti-SV2 monoclonal antibody (D). Wet season AChRs were labelled 
with Alexa Fluro-555 conjugated α-BTX (E). (F) Merged images from (D) and (E). Arrows in (C) 
and (F) indicate the first point of axon contact with the muscle fibre. Lightning in (C) and (F) indicate 
the discontinuous distribution of the pre- and postsynaptic elements along the nerve terminal. Bar = 
5 μm in (C) and is the same for A and B; bar = 5 μm in (F) and is the same for D and E.     
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Figure 15. Quantification of the Pearson value of co-localization (A), number of nerve branches per 
NMJs (B), and percentage of discontinuously distributed SVs along the nerve terminals (C) in dry 
and wet season short PTB-NMJs. (n = 31 for both wet and dry season in A B and C). 
6.2.2 Median PTB-NMJs showed a decrease in the total number of nerve branches in the dry 
season  
From the 87 NMJs in dry season, 47 median PTB-NMJs were observed (54%). From the 80 NMJs in 
wet season, 42 median PTB-NMJs were observed (52.5%). Examples of median PTB-NMJs is shown 
in Figure 16 from dry season (upper panel) and wet season (lower panel). Pearson value of co-
localization did not show significant seasonal difference in the median PTB-NMJs. However, a 
significant (p < 0.05) lower number of nerve terminal branches was seen in the dry season. There was 
no significant change in the percentage of nerve terminals with discontinuously distributed pre- and 
postsynaptic elements between the wet and dry season amphibian NMJs. Quantification of these 
values can be seen in Figure 17.  
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Figure 16. Examples of the median PTB-NMJs in the dry (upper panel, A B C) and the wet season 
(lower panel, D E F) amphibian iliofibularis muscle. Dry season nerve terminals labelled with anti-
SV2 monoclonal antibody (A). Dry season postsynaptic AChRs labelled with Alexa Fluro-555 
conjugated α-BTX (B). (C) Merged images from (A) and (B). Wet season nerve terminal labelled with 
anti-SV2 monoclonal antibody (D). Wet season postsynaptic AChRs labelled with Alexa Fluro-555 
conjugated α-BTX (E). (F) Merged images from (D) and (E). Arrows in (C) and (F) indicate the first 
point of axon contact with the muscle fibre. Lightning in (C) and (F) indicate the discontinuous 
distribution of the pre- and postsynaptic elements along the nerve terminal. Bar = 10 μm in (C) and 
is the same for A and B; bar = 10 μm in (F) and is the same for D and E. 
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Figure 17. Quantification of the Pearson value of co-localization (A), number of nerve branches per 
NMJs (B), and percentage of discontinuously distributed SVs along the nerve terminals (C) in dry 
and wet season median PTB-NMJs. (n = 47 for dry season NMJs and n = 42 for wet season NMJs in 
A B and C). 
6.2.3 Long PTB-NMJs demonstrate a significant decrease in the co-localization of SV2 and 
AChRs and an increase in discontinuity in pre- and postsynaptic elements in the dry season 
From the 87 NMJs examined in the dry season, 9 long PTB-NMJs were observed (10.3%). From the 
80 NMJs examined in the wet season, 7 long PTB-NMJs were observed (8.8%). Examples of long 
PTB-NMJs are shown in Figure 18, representative long PTB-NMJs from dry season (upper panel) 
and wet season (lower panel). Figure 19 compares the Pearson value of co-localization between long 
PTB-NMJs from the dry season and the wet season. This indicated a longitudinal misalignment 
between pre- and postsynaptic elements of the long PTB-NMJs. The total number of nerve terminals 
did not show a significant difference in dry and wet season. There were a larger percentage of nerve 
terminals with discontinuously distributed pre- and postsynaptic elements in the dry season. 
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Figure 18. Examples of long PTB-NMJs in the dry (upper panel, A B C) and the wet season (lower 
panel, D E F) amphibian iliofibularis muscle. Dry season nerve terminal labelled with anti-SV2 
monoclonal antibody (A). Dry season postsynaptic AChRs labelled with Alexa Fluro-555 conjugated 
α-BTX (B). (C) Merged images from (A) and (B). Wet season nerve terminal labelled with anti-SV2 
monoclonal antibody (D). Wet season postsynaptic AChRs labelled with Alexa Fluro-555 conjugated 
α-BTX (E). (F) Merged images from (D) and (E). Arrows in (C) and (F) show the first point of axon 
contact with the muscle fibre. Lightning in (C) and (F) indicate the discontinuous distribution of the 
pre- and postsynaptic elements along the nerve terminal. Bar = 20 μm in (C) and is the same for A 
and B; bar = 20 μm in (F) and is the same for D and E. 
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Figure 19. Quantification of the Pearson value of co-localization (A), number of nerve branches per 
NMJs (B), and percentage of discontinuous distributed SVs along the nerve terminals (C) in dry and 
wet season long PTB-NMJs. (n = 9 for dry season NMJs and n = 7 for wet season NMJs in A B and 
C). 
6.3 Discussion 
In the present study, I examined for possible NMJ structural differences in toads collected from the 
wild during the wet and dry seasons. Specifically we compared the Pearson value of co-localization 
for pre- and postsynaptic elements, number of nerve terminal branches, and the percentage of nerve 
terminals with discontinuously distributed synaptic vesicles per NMJs. There were three main 
findings: firstly, the dry season induced a significant decrease in the Pearson value of co-localization 
in long PTB-NMJs while short PTB-NMJs showed an increase. Secondly, a decrease in the number 
of nerve terminal branches in median PTB-NMJs. Thirdly, there was a trend for nerve terminal 
branches to have discontinuously distributed synaptic vesicles along all terminal branches examined 
during the dry season.  
6.3.1 Seasonal change in the number of nerve terminal branches  
Although it has been shown that long terminal branches release more neurotransmitter than smaller 
nerve terminal branches during low frequency nerve stimulation (Kuno et al 1971) , longer terminal 
branches release less neurotransmitter per unit length of nerve terminal than smaller ones (Nudell & 
Grinnell 1982). These observations are consistent with a proximal to distal decrease in the probability 
of neurotransmitter release (Bennett & Lavidis 1979). The present and previous studies have 
demonstrated that the probability of neurotransmitter release is easily regulated by seasonal factor(s) 
(Ge & Lavidis 2018, Ge & Lavidis 2017, Hudson et al 2005, Lavidis et al 2008). For example during 
the dry season the probability of neurotransmitter release decreases most notably at the release sites 
that have the highest activity during the wet season, this results in the probability of neurotransmitter 
release becoming more uniformly low during the dry season. The reduction in neurotransmitter 
release during the dry season results in subthreshold neurotransmission from nerve terminal to muscle. 
This along with spontaneous neurotransmitter release maintains a basal level of synaptic 
communication between nerve terminal and muscle may contribute to limiting the level of 
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morphological changes associated with seasonal dormancy. Since a decrease in the number of 
terminal branches was evident in the median sized terminal branches and not in the short or long 
branches, retraction is more pronounced than sprouting of branches in median sized terminal branches 
during dormancy.  
6.3.2 Discontinuous distribution of the synaptic vesicles and the corresponding postsynaptic 
AChRs along terminal branches 
Previous studies using silver stained nerve terminals exhibit signs of sprouting and retraction mostly 
in the distal end of the nerve terminal (Jans et al 1986, Krause & Wernig 1985, Wernig et al 1980). 
These observations indicated that the neurofibrils remain continuous along the length of the nerve 
terminals during prolonged inhibition. In the present study, the presynaptic element at the NMJs were 
labelled with the monoclonal antibody that specifically binds to the membrane glycoproteins in 
synaptic vesicles (SV2). Immunostaining for SV2 however demonstrated a non-uniform distribution 
of vesicles along the length of terminal branches, which was more pronounced in dry season nerve 
terminals. The absence of synaptic vesicles in different regions along the terminal branches supports 
the idea that the probability of neurotransmitter release is very low in some regions. The deficiency 
in SV2 staining in some regions of terminals was also associated with reduced levels of AChR 
labelling. Discontinuous distribution of SV2 and AChR staining was evident equally in the three 
different size classes of terminals examined and increased in frequency during the dry season. These 
observations are consistent with reported non-uniform neurotransmitter release probability along 
terminal branches. Currently, the cause of this synaptic vesicle rearrangement remains unclear. It is 
possible that a reduction in turnover of vesicles and production of vesicles is reduced during the dry 
season in order to conserve limited resources. Previous studies have demonstrated that complete 
inhibition of neurotransmission leads to major disruption in neuromuscular communication and major 
dysfunctional disruptions (Sanes & Lichtman 1999, Witzemann et al 2013). It is likely that the 
amphibian has developed a strategy, which preserves the structure of the NMJs while awaiting fast 
reactivation following the start of the wet season. Regulation of synaptic vesicle availability and 
activation of voltage gated calcium channels (VGCCs) are two effective mechanisms that are possibly 
utilized to regulate neurotransmitter release and subsequent use of limited resources. We have 
previously shown that a possible regulatory opiate may be responsible for reducing evoked 
neurotransmitter release while sustaining miniature neurotransmitter release to refrain the NMJ from 
grouse restructuring as has been seen in NMJ inhibition with AChR non-comparative antagonists like 
α-BTX.    
6.3.3 Changes in the Pearson value of co-localization indicate conformational alternation in the 
pre- and postsynaptic elements  
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At the NMJs, efficient and fast synaptic neurotransmission relies on the precise co-localization of 
pre- and postsynaptic elements (Caillol et al 2012), such as the voltage gated calcium channels 
(VGCCs), synaptic vesicles, vesicular associated proteins and presynaptic proteins that align 
structures within the terminal (Harlow et al 2001, Meriney & Dittrich 2013, Wachman et al 2004) 
and the AChRs with postsynaptic proteins that align and concentrate the receptors at the lips of the 
postsynaptic folds (Ghazanfari et al 2018, Plomp et al 2018). In this study, two probes used for 
evaluating the co-localization of pre- and postsynaptic elements of NMJs were quantified. Our present 
results demonstrated changes in the ratio of SV2 to AChR fluorescence between the wet and dry 
seasons indicating alternations in co-localisation during the dry season. These changes in SV2 to 
AChR fluorescence ratio is most likely associated with a depletion of synaptic vesicles followed by 
a decrease in neurotransmitter release and a subsequent reduction in AChR clustering. 
Muscle immobilization in mammals causes structural disruption in NMJs with subsequent muscle 
atrophy which requires considerable time and effort for rehabilitation (Booth 1982). This does not 
occur in amphibian NMJs by mechanisms that are not clearly understood. As the duration of the wet 
season is relatively short in Australia, survival of amphibians requires quick remobilization of 
synaptic neurotransmission at NMJs when the rain comes following prolonged drought. It is therefore 
vital that the structural integrity of the NMJs and muscle be maintained during prolonged inactivity 
imposed by drought. Our present study has demonstrated minor NMJ changes which are most likely 
designed to conserve resources and allow the animal to survive when the drought is broken. Exactly 
how the NMJ is highly in tune with environmental factors and what neuroprotective mechanisms are 
operating are areas that require further investigation.  
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Chapter 7. General discussion and conclusion  
7.1 General discussion 
The present study has examined the functional and morphological changes in neuromuscular 
transmission that allow the toad (Bufo Marinus) to survive the adverse conditions associated with 
seasonal drought. A functional analysis was performed using intracellular recording of end-plate 
potentials (EPPs) and miniature end-plate potential (MEPPs) and focal extracellular electrode 
recordings of end-plate currents (EPCs) and miniature end-plate currents (MEPCs). The 
neuromuscular junctions were also examined for morphological differences by examining the 
correlation between the vesicular distribution (presynaptic element) and the AChR distribution 
(postsynaptic element). A number of key observations were made: Firstly, quantal neurotransmitter 
release was significantly reduced during the dry season. This reduction was mainly due to a decrease 
in the probability of quantal release which could be reversed by increasing the extracellular calcium 
concentration. Secondly, nerve terminals were more susceptible to quantal release inhibition by 
dynorphin-A during the drought period. Again, this inhibition was reversed by increasing the 
extracellular calcium concentration. Thirdly, neuromuscular junctions demonstrated some minor 
morphological changes that were consistent with downregulation of quantal neurotransmitter release, 
i.e. non-uniform distribution of SV2-immunofluorescence (reduced vesicle density) and some 
longitudinal misalignment of SV2 and AChRs suggestive of terminal retraction. In general, however 
the structure of the neuromuscular junction was maintained throughout the long period of drought (7 
to 8 months). The present study demonstrated important strategies possibly employed by the toads to 
maintain the structure and function of the neuromuscular junction in a ready state while awaiting the 
wet season. These neuronal and muscular protective mechanisms may be of importance to humans 
for the prevention of neuromuscular atrophy and neuronal damage during immobility imposed by 
diseases, accidents or prolonged microgravity exposure.     
7.1.1 Changes in quantal neurotransmitter release during the dry season and possible 
mechanisms associated with this neuromuscular junction plasticity  
In the first project, it was demonstrated that the relatively high quantal release active zones that were 
present during the wet season were down regulated to baseline level of release during the dry season 
demonstrating that quantal release was uniformly low. Thus, quantal release during the dry season 
was more uniformly low as first described by (Figure 20) (Bennett & Lavidis, 1989).  During the wet 
season however, when toads are highly active some active zones increase their quantal release. The 
most active sites are mostly found close to the point of first contact with the muscle fibre (Bennett et 
al., 1986). During the down regulation of quantal neurotransmitter release at the dry season amphibian 
NMJs, there was a disappearance of the relatively high probability release sites along the presynaptic 
nerve terminals, intracellular recordings of evoked quantal neurotransmitter release revealed an 
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increase in the average probability of quantal release (pe) by the whole nerve terminal. Extracellular 
recordings of quantal neurotransmitter release revealed an increase in the probability of quantal 
release (pe) with the increase of [Ca
2+]o in the bathing solution. In contrast, the focally recorded 
neurotransmitter release sites with a relatively high probability of evoked quantal release during the 
wet season experienced a decrease of pe with the increase of [Ca
2+]o in the bathing solution. The 
significant right shift of the me versus [Ca
2+]o relationship during the dry season indicative of a 
decrease in sensitivity of quantal neurotransmitter release to extracellular calcium. 
 
 
Figure 20. Examples of the extracellular quantal content profile along two primary terminal branches 
in control iliofibularis from wet season (a, b) and dry season (c, d). a shows a drawing of the DiOC2-
fuorescent terminal, the point of first nerve contact with the muscle (n) and the positions of the 
extracellular electrode (arrows) in wet season. The most active release sites within ~20 μm segments 
of terminal are displayed (open circles in c) along with those found by randomly positioning the 
electrode between the most active sites (filled circles in c). In c the extracellular quantal content is 
plotted against distance from (n). Within a background of low quantal content release sites there are 
relatively active release sites. b shows a drawing of the DiOC2-fluorescent terminal and the point of 
first nerve contact with the muscle (n) and the positions of the extracellular electrode (arrows) in dry 
season. The most active release sites within ~20 μm segments of terminal are displayed (open circles 
in d) along with those found by randomly positioning the electrode between the most active sites 
(filled circles in d). In d the extracellular quantal content is plotted against distance from (n). Only 
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low levels of neurotransmitter release were observed along the length of primary terminal branches. 
Modified from figure 3 and 4 from (Lavidis et al 2008). 
The non-uniform property of quantal neurotransmitter release was first noticed at the amphibian 
NMJs (Katz & Miledi 1969). The extent of non-uniformity in quantal neurotransmitter release was 
realised following a study by Bennett and Lavidis (1979) where it was demonstrated using focal 
extracellular electrode recordings from a small fraction of the active zones of a terminal that at least 
30% of the quantal release was contributed by less than 5% of the total number of active zones. 
Subsequent studies demonstrated that there is a proximal (point of first contact of the axon with the 
muscle fibre) to distal gradient in the most active release sites (Bennett et al 1986a, Bennett et al 
1986b, Lavidis et al 2008). The degree of the gradient is most likely greatest during the end of the 
wet season. Much of the controversy relating to the extent of non-uniformity in the late 1980’s and 
early 1990’s was most likely related to when the animals were collected and the housing conditions, 
not taking into account the seasonal influence would have confounded the studies reported around 
the world (Bennett & Lavidis 1991a, Pawson & Grinnell 1989, Wernig & Fischer 1986).  
The question arises as to what is responsible for the variation in probability of quantal 
neurotransmitter release between active zones? Ultrastructural examination of the neuromuscular 
junction using freeze-fracture electron microscopy has revealed that the presynaptic and postsynaptic 
specialisations are very well aligned and very well supplied with the key elements such as vesicles, 
voltage gated calcium channels (VGCCs), postsynaptic folds and acetylcholine receptors. Despite 
perfect organisation, most active zones have a very low probability of quantal neurotransmitter 
release. The large number of docked synaptic vesicles along each active zone were latter named the 
ready releasable synaptic vesicle pool (Dreyer et al 1973, Harlow et al 2001, Heuser et al 1979, Heuser 
et al 1974, Pawson et al 1998). Subsequent studies in the central synapses revealed consistent results 
(de Lange et al 2003, Harris & Sultan 1995, Satzler et al 2002, Schikorski & Stevens 1997), for in 
depth review, see (Rizzoli & Betz 2005). However, these morphological results do elude to an 
explanation for the difference in probability of quantal release between active zones. It is not clear 
however, which vesicles are primed and thus ready for release when the calcium micro-domain is 
formed fallowing terminal depolarisation. The assumption that those synaptic vesicles lying closest 
to the active zones are ready releasable vesicle was challenged following detailed examinations at the 
amphibian NMJs (Richards et al 2000, Richards et al 2003), for review, see (Rizzoli & Betz 2004).   
A possible major contributor to the marked non-uniformity in quantal release along the active zones 
and the regulation of neurotransmission are the VGCCs which are closely aligned with the release 
bar of the active zone. The influx of calcium during depolarisation of the nerve terminal is vital for 
the exocytosis of neurotransmitters. Considering that evoked quantal neurotransmitter release is so 
Ca2+ dependent, variation in calcium influx between active zones may be contributing to the variation 
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in quantal release. The close arrangement of VGCCs most likely results in overlapped calcium micro 
domains leading to increase intraterminal calcium close to the primed vesicles. Also any inhibition 
of these VGCCs leads to a non-linear decrease in the quantal release probability. The present study 
has demonstrated that the drought-induced reduction in quantal release probability was reversed by 
raising the extracellular calcium concentration.  
While, further functional studies with more advanced techniques like high-resolution fluorescence 
imaging and single-pixel optical fluctuation analysis indicate that there are only about 30-50 VGCCs 
in each AZ which contribute to the action potential triggered Ca2+ influx (Luo et al 2011) and this 
result was validated by a detailed computational active zone model of frog NMJs (Dittrich et al 2013). 
Moreover, the probability of a VGCC opening during a single presynaptic action potential (AP) seems 
very low; for instance, in the same study, Luo et al. (2011) also showed that during a single AP only 
about 6–10 VGCCs open in each long linear active zone to induce a single vesicle releasing. Other 
studies even indicate that the Ca2+ influx through one or only very few open channels is possible to 
trigger vesicle fusion (Shahrezaei et al 2006, Yoshikami et al 1989). Thus, the non-uniformity of 
quantal neurotransmitter release along the same nerve terminal can be caused by a non-uniform 
flooding of Ca2+ in response to an action potential at different active zones along the nerve terminal, 
the other possibility lies in a significant source of variability in downstream of Ca2+ entry. Utilizing 
high-resolution Ca2+ imaging technique, Wachman et al. (2004) revealed the spatial distribution of 
calcium entry evoked by single action potentials within the presynaptic active zone of amphibian 
nerve terminals (Wachman et al 2004). Results from this study show Ca2+ entry during repeated low 
frequency stimulation exhibits prominent spatial variability; however, this result does not help to 
explain why the certain high probability quantal release sites were found to be more active in quantal 
secretion for a certain long period. Therefore, it is reasonable to postulate a significant source of 
variability in downstream of Ca2+ entry also contribute to the non-uniformity of neurotransmission. 
7.1.2 Endogenous neuromuscular protective mechanism prevents loss of muscle function during 
recovery from drought induced dysfunction 
In order to produce a large spectrum of physiological effects, endogenous opioid system exhibits 
whole body or even site specific alternations. To begin with, it was suggested that the drought-induced 
hibernation is accompanied by a systemic down-regulation of endogenous opioid in amphibians 
(Stevens & Pezalla 1989). More specifically, compared with active counterparts, region-specific (e.g., 
different brain regions) and type-specific changes in opioid concentration were also noticed in 
hibernating amphibians (Cui et al 1996a, Cui et al 1996b) On the other hand, under certain conditions, 
the number and efficacy of opioid receptors can be altered (Bourhim et al 1993, Cui et al 1997). 
Considering the difference in the regulation of spontaneous quantal release by dynorphin-A in the 
wet and dry season, another question left open for future study is the possibility that it is not the 
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kappa-opioid receptor which is changing but rather the coupled intracellular pathway. Results from 
project 2 mainly show that dynorphin-A decreased the probability of evoked quantal neurotransmitter 
release in a concentration-dependent manner in both dry and wet seasons; however, a more 
pronounced inhibition was observed in the dry season amphibian NMJs. At higher doses, dynorphin-
A decreased the amplitude but increased the frequency of spontaneous quantal neurotransmitter 
release in dry season amphibian NMJs. However, dynorphin-A did not alter the spontaneous quantal 
neurotransmitter release in wet season amphibian NMJs. These observations support the hypothesis 
that dynorphin-A suppresses evoked neurotransmitter release during the dry season, allowing the 
animal to hibernate. Furthermore, during this period, subthreshold communication between the motor 
nerve terminal and muscle is maintained in the form of MEPPs. Such subthreshold stimulation may 
thus have the role of NMJ protection from inactivity-induced remodelling. 
7.1.3 Dynorphin-A modulates voltage gated calcium channels (VGCCs) during different 
seasons 
Dynorphin-A is a peptide that is released from the hypothalamus during stressful conditions. 
Amphibia undergo hibernation or aestivation when the animals are exposed to impending dry season, 
the most likely trigger is high barometric pressure. In Australia, these weather conditions occur from 
April to December. One of the effects of dynorphin-A is to inhibit evoked neurotransmitter release 
from skeletal neuromuscular terminals, ganglia synapses and varicosities from sympathetic synapses 
(Lavidis 1995a, Warren & Lavidis 1996). Dynorphin-A has high affinity for the κ-opioid receptors, 
but also binds with lower affinity to μ- and δ-opioid receptors (Raynor et al 1994). Dynorphin-A 
decreases evoked neurotransmitter release by acting on presynaptic κ-opioid receptors (Lavidis 1995a, 
Lavidis 1995b). The κ-opioid receptors are coupled to the Gi/o G-protein family, and they can also 
activate voltage gated K+ channels (VGKCs) (Yamada et al 1998) or inhibit the voltage-dependent 
Ca2+ channels (VGCCs) (Herlitze et al 1996) through their βγ subunits. The most likely mechanism 
responsible for inhibiting evoked quantal neurotransmitter release is via inhibition of VGCCs since 
paired-pulse stimulation or increasing the Ca2+ in the bath reversed the dynorphin-A induced quantal 
release inhibition. 
The results from the present study show that evoked neurotransmission is more susceptible to 
dynorphin-A inhibition during the dry season. The change in susceptibility of the dry season NMJ 
may be due to a reduction in the amount of calcium entering the terminal during depolarisation. There 
could be a disruption of the two-double rows of calcium channels aligning the active zone, this would 
reduce the density of calcium channels around the location of the primed vesicles thus reducing the 
micro-domain calcium concentration. Alternatively, the phosphorylation state of the calcium 
channels may be changed during the dry season when the metabolic requirements of the animal are 
reduced to conserve resources. Dynorphin-A may be the trigger that initiates the downregulation of 
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the calcium channels which shows up as a reduction in calcium sensitivity (Figure 21). During the 
wet season when toads are active, evoked neurotransmitter release has a high safety factor which 
possibly arises as a consequence of a high level of calcium microdomain overlap, under this scenario 
dynorphin-A would be less effective in reducing evoked neurotransmitter release. Alternatively, 
opioid receptors are known to desensitize through receptor phosphorylation, transient internalization 
and degradation, and this can be onset over a time scale ranging from seconds to days (Liu-Chen 
2004). Opiate receptors at the toad nerve terminal may undergo such differential regulation during 
the wet and dry seasons. 
 
Figure 21. Endogenous effect of opioid in the regulation of neurotransmission at the amphibian NMJs. 
The release of dynorphin-A is triggered by drought which is an environmental stressor for the 
amphibians. This leads the inhibition of VGCCs with subsequent downregulation of VGCCs. This is 
evident by the prolong decrease in m̄ (quantal content) throughout the drought induced inactivity. 
This strategy is possibly neuromuscular protective by virtual of conservation of resources and the 
allowance of subthreshold stimulation by MEPPs. 
7.1.4 Seasonal plasticity of neuromuscular junctions 
Previous studies in our laboratory compared the morphology of amphibian NMJs from the wet and 
dry season by immunostaining or mitochondrial fluorescent dye labelling of the presynaptic nerve 
terminals and 2D images were taken via normal florescent microscope, however, the results did not 
show any significant difference (Hudson et al 2005, Lavidis et al 2008). There are possibly several 
reasons to address this difference with the present study, firstly, only large NMJs were sampled in the 
previous studies; secondly, the sample size was relatively small; thirdly, the discontinuously 
distributed presynaptic elements were seen in the representative images but no special attention were 
paid there. In this project, I labelled both pre- and postsynaptic elements by immunostaining, z-zack 
scanning on the NMJs were conducted with confocal microscopy and 3D images were reconstructed 
for the NMJs from both the wet and dry seasons. More importantly, the NMJs were sorted into three 
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subgroups according to their primary branch length, which was revealed to relate to their function in 
quantal neurotransmitter release. Results from the present study show that the decreased quantal 
neurotransmitter release during the dry season caused distinct changes in different NMJs. 
7.2 Conclusion 
In project 1, it was found that the down regulation of quantal neurotransmitter release at the dry season 
amphibian NMJs was featured by the disappearance of the relatively high probability release sites 
along the presynaptic nerve terminals, and this can be reflected by the consistent increase of pe with 
the increase of [Ca2+]o in the bathing solution. In contrast, the focally recorded neurotransmitter 
release sites with a relatively high probability of evoked quantal release during the wet season 
experienced a decrease of pe with the increase of [Ca
2+]o in the bathing solution. The significant right 
shift of the me versus [Ca
2+]o relationship during the dry season indicative of a decrease in sensitivity 
of quantal neurotransmitter release to extracellular calcium. 
Results from project 2 mainly show that dynorphin-A decreased the probability of evoked quantal 
neurotransmitter release in a concentration-dependent manner in both dry and wet seasons; however, 
a more pronounced inhibition was observed in the dry season amphibian NMJs. At higher doses, 
dynorphin-A was found decreased the amplitude but increased the frequency of spontaneous quantal 
neurotransmitter release in dry season amphibian NMJs. However, dynorphin-A did not alter the 
spontaneous quantal neurotransmitter release in wet season amphibian NMJs. These observations 
support the hypothesis that dynorphin-A suppresses evoked neurotransmitter release during the dry 
season, allowing the animal to hibernate. Furthermore, during this period, subthreshold 
communication between the motor nerve terminal and muscle is maintained in the form of MEPPs. 
Such subthreshold stimulation may thus have the role of NMJ protection from inactivity-induced 
remodelling. 
Thirdly, by comparing the immunofluorescence labelled pre- and postsynaptic elements of each 
NMJs, the results show that small and large NMJs demonstrate an opposite change in the Pearson 
value of co-localization from the wet to the dry season, with a significant increase in the former and 
decrease in the later respectively. In comparison, middle size NMJs experienced a significant decrease 
in the total number of nerve branches from the wet to dry season. Furthermore, the down regulation 
of neurotransmission in the dry season induced an increase in the percentage of nerve terminals with 
discontinuously distributed pre- and postsynaptic elements. All these results indicate that different 
NMJs habituate the decreased neurotransmitter release during the dry season via different strategies. 
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7.3 Limitations and future direction of this study  
7.3.1 The tripartite organization of the amphibian NMJs 
Amphibian NMJs is composed of three closely associated cellular components: the presynaptic nerve 
terminal, the postsynaptic specialization, and non-myelination Schwann cells (PSCs). PSCs were 
demonstrated to play an essential role in mediating the adaptability and plasticity of the amphibian 
NMJs at both morphological and functional level in a precise and adapted manner (Belair et al 2010, 
Dickens et al 2003, Feng & Ko 2008, Robitaille 1998), for review see (Bennett 2003, Ko & Robitaille 
2015). Although this study has examined the pre- and postsynaptic elements in response to seasonal 
variation, the influence of PSCs on these elements has not been considered.  
7.3.2 Quantification of the seasonal changes in the action potential triggered Ca2+ influx along 
the nerve terminal  
Quantal neurotransmitter release is highly dependent on transient Ca2+ influx triggered by nerve 
action potentials. A direct measurement of the calcium influx during depolarisation of the nerve 
terminal may reveal seasonal variation in calcium channel dynamics. Measuring action potential 
triggered transient Ca2+ influx along the nerve terminal may contribute to a direct demonstration of 
the mechanisms underlying the distinct seasonal changes in the efficacy of quantal neurotransmitter 
release at the amphibian NMJs. While, given the power relationship between the calcium and quantal 
neurotransmitter releases, small changes in action potential triggered Ca2+ influx would result in large 
alternation in quantal neurotransmitter release (Dodge & Rahamimoff 1967, Jenkinson 1957). 
Seasonal changes in action potential triggered Ca2+ influx along the amphibian nerve terminal may 
only be able to measure with high resolution imaging techniques and these technologies are currently 
unavailable.   
7.3.3 Seasonal pharmacologic changes of dynorphin-A at the amphibian NMJs  
In project 2, dormant preparations were shown to be more sensitive to exogenously applied 
dynorphin-A since EPP and MEPP amplitudes were more significantly reduced when compared to 
wet season preparations. EPP and MEPP amplitude of dormant preparations is more sensitive to the 
depressant effect of dynorphin-A. In contrast, dynorphin-A significantly increased the MEPP 
frequency of dormant but not active preparations. There are several possibilities to be examined in 
the future, which underlie these seasonal differences in physiologic signalling of dynorphin-A in 
amphibians. For example, further studies are required to examine the endogenous level of dynorphin-
A from blood samples taken from different seasons as well as the regulation of dynorphin-A receptors 
not only at the NMJs but also other tissues in order to establish a relationship between drought and 
stress. Subsequent, the downstream molecular pathways coupled with dynorphin-A receptors could 
be examined at the amphibian NMJs in different seasons.  
7.3.4 Mechanisms underlying the seasonal morphological changes in individual NMJs  
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In project 3, the morphological study, an increase in the percentage of NMJs with discontinuous pre- 
and postsynaptic elements were noticed in the dry season when compared to the wet season. This 
leads to the question does the decrease in neurotransmitter release induce the changes in the pre- and 
postsynaptic morphology or the morphological changes first then result in the decrease of 
neurotransmitter release? Results from the present study may indicate that the intermittence of 
synaptic communication along the nerve terminal may be one of the strategies that the nerve terminal 
utilize to habituate the drought-induced inactivity. However, further studies are needed to address 
whether the point of discontinuously distributed pre- and postsynaptic elements execute some other 
unidentified functions or not. Furthermore, in the present study, I only examined the co-localization 
of one presynaptic marker, which labels the SVs and one postsynaptic marker that labels the AChRs. 
A more elaborate examination of the presynaptic and postsynaptic alignment proteins would 
determine important underlying mechanisms that govern synaptic plasticity. On the other hand, the 
increase or decrease in the Pearson value of co-localization may not able to demonstrate the extent of 
dispersion between the pre- and postsynaptic elements in different NMJs. That is mainly because the 
change in the Pearson value of co-localization may resulted from the sliding of the pre- or 
postsynaptic element or the lifting and landing of the nerve terminal from the AChRs.   
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Supplementary figure 1, Characterization of the Pearson value in evaluating the co-localization of 
the pre- and postsynaptic elements at the amphibian NMJs.  
